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(57) Abstract 

Foreign material (10) on a surface of a substrate (12) is processed to form a reaction product (16), by the combination of providing 
a directed flow of a fluid (18), including a reactant, in the vicinity of the foreign material (10), and delivering a beam of radiation (14) to 
aid the reactant to react with the foreign material (10) to form the reaction product (16). 
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SURFACE PROCESSING 

Background 

# This invention relates to surface processing. 

5 Surface cleaning, for example, is an important 

step in making, e.g., semiconductor components such as 
integrated circuits, memory chips, thin film heads, flat 
panel displays, and CD-ROMs. Foreign material on the 
surfaces of such components has a direct bearing on 

10 process yields, and this is especially so as device sizes 
become smaller. Even a monolayer of sodium ion 
contamination on the surface of an integrated circuit may 
cause the circuit to malfunction. Surface cleaning also 
plays an important role in the biotechnology and medical 

15 fields, e.g., in the manufacture and purification of 
culture strains, and in the cleaning of surgical 
instruments . 

Foreign material to be removed by surface cleaning 
frequently includes organic molecules. Although it has 

20 long been known that ultraviolet (UV; defined by the 
wavelength range of 4 nm to 380 nm) light decomposes 
organic molecules, only in the last few years has UV 
cleaning of surfaces been explored. 

One contaminant that is particularly difficult to 

25 clean from a wafer surface is patterned photoresist that 
has been hardened (at least at its exposed surface) by 
ion bombardment in the course of an ion implantation 

processing step. 

Within the phrase "surface cleaning" or "surface 
30 processing" we broadly include, among other things, any 
removal of foreign material from a surface, surface state 
changes (e.g., hydrogen ion termination), moisture 
removal, surface priming (e.g., for photoresist 
adhesion) , and deoxidation. 
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Summary 

In general, in one aspect of the invention foreign 
material on a surface of a substrate is processed to form 
a reaction product (s) , by the combination of providing a £ 
5 directed flow of a fluid , including a reactant, in the 
vicinity of the foreign material, and delivering a beam 
of radiation to aid the reactant to react with the 
foreign material to form the reaction product (s) . 

Implementations of the invention may include the 
io following features. 

The reactant may be a gas flowing at a velocity 
preferably between 50 mm/sec and 20,000 mm/sec, more 
preferably between 100 mm/sec and 10,000 mm/sec, and most 
preferably between 200 mm/sec and 5,000 mm/sec. When the 
15 foreign material includes organic material, the reactant 
may include an oxidant such as oxygen, chlorine, 
fluorine, or molecules containing oxygen, chlorine or 
fluorine, and the beam may be ultraviolet radiation. 
When the foreign material includes a metal oxide, the 
20 reactant may include chlorine, fluorine or a fluorine or 
chlorine containing molecule. When the foreign material 
includes silicon or silicon dioxide, the reactant may 
include fluorine or a fluorine containing molecule such 
as a f luorocarbon. When the foreign material includes 
25 bacteria, the reactant may include an oxidant. 

The fluid may include an inducer gas in the 
vicinity of the reactant to assist the reactant to react 
with the foreign material. The inducer gas may be a 
member of the group consisting of NH 3 , H 2 , N 2 0, and 
30 fluorocarbons. The fluid may include a diluent gas 

(e.g., helium) to reduce the viscosity of the reactant, 

or to reduce the ultraviolet absorption coefficient of 

the reactant (e.g., a member of the group consisting of ■ 

nitrogen, helium and argon) . 
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The fluid may be a liquid flowing at a velocity 
preferably between 0.2 nan/sec and 2,000 mm/sec, more 
preferably between 0,5 mm/sec and 1,000 mm/sec, and most 
preferably between 1 mm/sec and 500 mm/sec. The depth of 
5 the substrate surface below the surface of the liquid may 
be less than 50 mm, and preferably less than 2 0 mm. The 
reactant may be selected to match reaction 
characteristics of the foreign material. 

- The substrate and the flow of the fluid may move 
io relative to one another. The fluid may be a gas directed 
at an angle of less than 90 degrees to the surface, 
preferably the angle may be between 0 and 30 degrees, 
more preferably between 0 and 20 degrees. 

The fluid may be directed to a region above the 
15 surface, and the flow may be turbulent flow. The 

reaction product and the fluid may be sucked away from 
the surface. The fluid may be delivered through a nozzle 
having an opening in the vicinity of the foreign 
material. The directed flow may be of a sequence of 
20 fluids, e.g., including a gaseous reactants preceded or 
followed by another fluid which could include a different 
gaseous or liquid reactant. The process may include 
elevating the temperature of the reactant prior to its 
being provided in the directed flow, or of the foreign 
25 material, or of the substrate. The atmospheric pressure 
in the vicinity of the foreign material may be raised or 
lowered above or below the ambient. The fluid may 
include a non-reactive carrier medium. 

The step of providing a directed flow of a fluid 
30 may include delivering a gas to a location in the 

vicinity of the foreign material and forming the reactant 
from the gas in the vicinity of the foreign material. 
The reaction product may consist only of gaseous 
material. 
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In general, in another aspect, the invention 
features delivering the beam of radiation at an angle of 
less than 90 degrees to the surface to aid the reactant 
to react with the foreign material to form the reaction 
5 product . 

Implementations of the invention may include the 
following features* The beam is delivered to the surface 
at an energy level insufficient to damage the surface. 
The beam may be delivered by receiving a source laser 

10 beam and focusing the cross-sectional size of the beam in 
one dimension and broadening the cross-sectional size in 
another dimension. The size along one of the dimensions 
may be at least as great as the width of the substrate 
and the size along the other dimension may be chosen to 

15 provide an energy density insufficient to damage the 

surface. The beam may be configured to cause ablation of 
the foreign material at an ablation surface which is 
normal to the beam and not parallel to the surface of the 
substrate. Relative motion may be caused between the 

20 surface and the beam to cause the beam to sweep the 
surface, and the surface may be swept first along one 
dimension and then along another dimension. The energy 
characteristics of the beam may be controlled to match 
absorption characteristics of the foreign material. The 

25 angle of the beam to the surface may be between 0 and 3 0 
degrees, more preferably between 10 and 2 0 degrees, and 
most preferably between 12 and 15 degrees. Beam 
radiation reflected from the surface may be collected and 
reflected back to aid the reactant to react with the 

30 foreign material. 

The beam may be a laser beam with a long, narrow cross- 
section and include ultra-violet radiation in the 
wavelength range 4 nm to 380 nm. The beam cross-section 
may be at least as long as the surface is wide. 
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In general, in another aspect, the invention 
features forming the beam of radiation with a pre-defined 
non-uniform cross-sectional intensity profile. In 
implementations , the profile may include a higher 
5 intensity central region with lower intensity peripheral 
regions. The profile may be formed by superimposing 
light beams of different wavelength, each having a 
preselected intensity profile, e.g., by frequency 
multiplying a single laser source; or by superimposing 

10 focused and unfocused versions of a source beam. The 
surrounding lower intensity regions of the prof ile are 
formed by a UV floodlamp that produces relatively high 
energy density light at wavelengths below 200 nm. 

In general, in another aspect, the invention 

15 features scanning the beam across the surface in more 

than one scan with less than all of the processing being 
done in any one scan. In implementations, the total scan 
time for all scans may be less than the time which would 
otherwise be required to perform the same processing in a 

20 single scan. 

In general, in another aspect, the invention 
features delivering an array of distinct beams of 
radiation to aid the reactant to react with the foreign 
material to form the reaction product simultaneously at 

25 an array of locations on the surface. In implementations 
of the invention, the array may be scanned across the 
surface. The array of distinct beams may be configured 
to permit complete coverage of the surface by scanning a 
distance less than the full extent of the surface. A 

30 first beam may be slit into at least two spaced-apart 
beams having respective energy densities lower than the 
energy density of the first beam. 

In general, in another aspect of the invention, 
acoustic energy (e.g., pulsed) is delivered to aid the 

35 reactant to react with the foreign material to form the 
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reaction product. In implementations, the acoustic 
energy may serve to remove particles of foreign material 
from the surface. 

In general , in another aspect of the invention, a 
5 plasma discharge is provided to aid the reactant to react 
with the foreign material to form the reaction product. 

In general , in two aspects of the invention, the 
temperature of the surface is elevated prior to 
delivering the beam; and a catalyst is provided in the 

io vicinity of the surface. 

In general, in another aspect of the invention, 
the configuration of the flow is arranged so that 
components of the fluid form reactants in the vicinity of 
the foreign material. 

15 in general, in other aspects of the invention, the 

steps of (a) scanning a laser beam across a surface and 
(b) blowing a reactant gas in the direction of a reaction 
zone in the vicinity of the intersection of the beam with 
the surface are used to clean the surface of a 

20 semiconductor wafer to remove ion- implanted patterned 
photoresist; or to remove ink dots placed on 
semiconductor wafers during a test procedure; or to clean 
the surface of a thin-film magnetic disk read-write head 
substrate to remove patterned photoresist; or to clean a 

25 flat panel display substrate to remove a film of an 

organic material (e.g., polyimide) from selected areas; 
or to clean disks used in the manufacture of compact 
disks to remove organic and/or metal films. 

Ion-implanted photoresist may be removed by 

30 scanning the laser beam until a top portion of the ion- 
implanted photoresist is removed, wetting the ion- 
implanted photoresist with a liquid comprising a liquid 
reactant, and applying laser energy to the ion-implanted 
photoresist through the liquid. Wetting may comprise 

35 flowing a liquid over the ion-implanted photoresist or 
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immersing the ion- implanted photoresist in a bath 
containing the liquid. 

Implementations of the invention may include the 
following features. The surface of the substrate may be 
5 held in a non-horizontal orientation (e.g., upside down 
or vertically) during processing. The surface to be 
processed may be treated continuously. The substrate may 
be continuous and elongated, e.g., as a wire or tape, or 
may be in consecutive pieces that are placed on a moving 
10 conveyor belt or web, and the processing may be performed 
continuously along the length of the web. 

Among the advantages of the invention are the 
following. 

Surface cleaning converts foreign material on a 

15 substrate surface from a solid to a gas form. This makes 
it easier to transport the foreign material from the 
surface. High efficiency is achieved by selecting 
parameters which are tuned for the particular type of 
foreign material that is to be removed, maximizing the 

20 energy transfer to the foreign material and minimizing 
the energy transfer, and thus the possibility of damage 
(e.g., due to heat, shock wave, or other effects), to 
circuitry and other features on the surface, and to the 
surface itself. 

25 surface cleaning according to the invention 

provides important advantages to the semiconductor 
industry. Cleaning with radiant energy and low volumes 
of reactant gases results in low volumes of relatively 
harmless product of oxidation or other types of reaction 

30 products. This reduces the environmental impact of the 
cleaning process and increases operator safety, compared 
with the standard wafer cleaning practice in which large 
volumes of concentrated acids, bases, organic solvents, 
and even larger volumes of contaminated rinse water are 

35 used. In addition, we have estimated that the overall 
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cleaning cost for, e.g., wafer cleaning will be one- 
twentieth of the cost associated with conventional 
cleaning methods. The invention enables rapid surface 
cleaning, with an estimated cleaning time for a 200 mm 
5 diameter wafer of between 30 and 60 seconds, depending 
upon the nature of the foreign material on the wafer 
surface. Also, surface cleaning according to the 
invention eliminates the problems associated with 
conventional plasma and early UV cleaning methods such as 

10 electrical fields, induced currents and high energy 

reactions which are potentially harmful to semiconductor 
devices and substrates. 

The size of the smallest particle capable of 
causing a defect in an integrated circuit is decreasing 

15 as the semiconductor industry pushes for smaller circuit 
dimensions. As particle sizes decrease, surface cleaning 
techniques that simply rely on breaking adhesive forces 
to physically remove these small particles become less 
efficient, because the energy required to remove the 

20 contaminants becomes comparable to the energy sufficient 
to damage a surface (e.g., 10,000 psi of pressure is not 
sufficient to remove 0.25 micron particles from a 
semiconductor surface) . Surface cleaning according to 
the invention, on the other hand, can remove particles 

25 having a dimension of 0.25 £im and smaller from a surface 
without damage. 

Other advantages and features will become apparent 
from the following description and from the claims. 

Description 

30 Fig. 1 is a schematic sectional side view of a 

substrate being cleaned. 

Fig. 2 is a perspective view of a beam expanding 

system . 

Fig. 2A is a schematic side view of a beam 
35 directing technique. 
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Fig. 2B is a schematic view of another beam 
directing technique. 

Figs. 3, 3A, 3B, 3C and 3D are plots of beam 

energy density. 
5 Fig. 4 is a schematic side view of a beam 

directing technique. 

Figs. 5, 6 and 6A are schematic side views of 

cleaning schemes. 

Fig. 7 is a schematic sectional side view of a 

io substrate being cleaned. 

Fig. 8 is a plot of maximum energy density as a 
function of beam angle. 

Fig. 9 is a plot of the maximum wafer scan rates. 
Fig. 10 is a schematic top view of wafer regions 
is illuminatied by an array of laser beams. 

Fig. 10A is a schematic side view of an optical 
system for producing an array of illuminated regions. 

Fig. 10B is a schematic top view of a surface 
cleaning scheme. 
20 Fig. 11 is schematic side view of a cleaning 

scheme . 

Fig. 11A is a perspective view of a gas delivery 

system . 

Fig. 12 is a schematic side view of a surface 

25 cleaning scheme. 

Fig. 13 is a schematic side view of a wafer with 
an ion-implanted photoresist layer. 

Fig. 14 is schematic side view of a cleaning 

scheme . 

30 Fig. 15 is a schematic side view of a surface 

cleaning station. 

Fig. 16 is a schematic top view of a surface 

cleaning station. 

Fig. 17 is a schematic side view of a flat panel 

35 display device. 
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Fig. 18 is a schematic side view of an alternative 
surface cleaning station. 

Fig. 19 is a schematic side view of an alternative 
surface cleaning scheme. 



removed from a surface 11 of a substrate 12, by 
delivering to the foreign material energy 14 , which 
ablates the foreign material from the surface, i.e., the 
components of the foreign material dissociate into, e.g., 

10 molecules, free radicals, and small particles ("ablation 
components") which expand and rise above the substrate 
surface as a cloud 16. An input fluid 18 (e.g., an 

elemental gas (e.g., Cl 2 , 0 2 0 3 , F 2 ) , a mixture of 
elemental gases (e.g.. He and 0 2 ) , a gas-phase compound 

15 (e.g., CO or CF A ) , a mixture of one or more of these 

gases, or a liquid (flowing or static)) is used to reduce 
or prevent the ablation components of the foreign 
material in the cloud from redepositing onto the 
substrate surface by, e.g., reacting with the ablation 

20 components to form simple gases ("reaction products," 
e.g., gases) or entraining the ablation components in a 
gas flow away from the substrate. The formation of the 
reaction products is generally associated with the 
generation of heat and light, some of which may be 

25 visible. The ablation components of the foreign 

material, the reaction products in the cloud, and the 
volatile compounds formed at the surface are then removed 
from the vicinity of the substrate, as indicated by arrow 
20, and the surface is left clean. 

30 Reactions in which the foreign material reacts 

directly with reactive species in the input fluid to form 
volatile compounds may occur at the surface. Energy 14 
may be absorbed by components of the input fluid to 
generate excited species that react with the foreign 



5 



Referring to Fig. 1, foreign material 10 may be 
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material to produce reaction products in the cloud or 
volatile compounds at the surface in the absence of 
ablation* 

By careful control of the process, a variety of 
5 foreign materials may be efficiently removed without 
damage to the surface and features on the surface. 
Careful selection of certain reaction conditions ensures 
that most of the ablation components in the cloud 
completely react with reactive species in the input gas, 

10 instead of forming particulates or other materials that 
redeposit onto the substrate surface. The process 
aspects to be controlled include the form of the 
delivered energy (e.g., laser radiation possibly 
augmented by acoustic energy or plasma discharge) , the 

15 way the energy is delivered (angle of incidence of the 
energy beam, energy density and distribution, wavelength 
distribution, shape and dimension of the irradiated 
region of foreign material, beam pulse rate) , the input 
fluid (composition, temperature, velocity, flow volume, 

20 angle of delivery, delivery location, gas pressure) , the 
removal of the cloud (entraining gas flow, vacuum 
exhaust) , and the reaction conditions (submerged 
reactions; substrate pretr eatment ; reaction chamber 
conditions; substrate temperature; input fluid 

25 temperature, pressure, and velocity; number of scans and 
pattern of scanning; catalysts) . 

Proper selection of parameters minimizes heating 
and other undesirable conditions which could damage the 
surface or features on the surface. Parameters can be 

30 selected for optimal targeted removal of specific foreign 
material. 

Foreign Material in General 
Foreign material on substrates includes, e.g., 
contaminants, organic layers, and residues. 
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Many contaminants found on substrates are inherent 
to processing environments; these include Particulates 
from the air (e.g., dust, lint, gas-phase oxides, metals, 
s water, atmospheric debris and stains, and from process 
technicians (e.g., skin). The steps required for 
processing a substrate into a finished product also 
contribute to surface contamination (e.g.: polymer 
residues, photoresist layers, and silicon dust from 
10 integrated circuit processing; copper, aluminum, 
permalloy, epoxy, and phenolic from printed 
fabrication; and oxides and glass particles from flat 
panel display manufacturing). 

While most contaminants found on substrates are 
15 organic molecules (including: carbon, hydrogen, oxygen, 
nitrogen, sulfur; trace metals, such as iron and sodium; 
and trace oxides) , other contaminants may be present, 
such as metals (e.g., copper, aluminum, brass, and iron , 
silicon, oxides (e.g., silicon oxide and aluminum oxide) , 
2 o and minerals (e.g., gypsum) . Each type of contaminant 
xnay require selection of different parameters for 
efficient removal. 

m- ganic T.ayers 

An important application of surface cleaning is 
25 the removal of organic layers (e.g., polymers, 

photoresist, polyamide, polyimide and ink) from surface- 
Organic layers typically have thicknesses that range from 
0.2 to 25 n», and compared with residues and 
contaminants, organic layers involve much greater volumes 
30 of material to be removed. Therefore, a relatively 

greater quantity of input gas is required to react with 
and/or entrain the ablated organic material. Ablation 
provides a convenient way to efficiently remove organic 
layers by converting the ablated solid organic material 
35 into a large volume of gas (larger than when in solid 
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form). In gaseous form, the ablated organic material can 
more easily mix with the reactive species in the input 
gas. This helps the ablated material to react with the 
reactive gas species at a high rate and form a volatile 
5 product before the ablated material can redeposit on the 
wafer. 

The definition of "complete" stripping of an 
organic (e.g. photoresist) layer is dependent upon the 
application. For example , audio compact disks do not 

10 require as stringent a level of cleanliness as do 

semiconductors. A layer of photoresist 2000 Angstroms 
thick was adequately removed from a compact disk "father" 
as described in a later section by the use of a laser and 
oxygen without the need for any more extensive 

15 processing. The "father" performed to excellent industry 
standards even though there may have been residual 
photoresist left on the surface. 

On the other hand, semiconductor processing cannot 
tolerate such incomplete removal of photoresist. For 

20 example, we have determined that the stripping of 

patterned photoresist from semiconductor wafers using a 
193 nm wavelength excimer laser beam and a flow of oxygen 
leaves a residue of carbon from the photoresist, of a 
thickness up to 200 Angstroms. This has been determined 

25 by Auger and SIMS analysis of surfaces that appeared 
visually "clean". This carbon residue must be removed 
prior to further processing of the semiconductor wafer 
such as, for example, epitaxial growth or the deposition 
of a metal layer. Otherwise, the device performance 

30 (e.g. through excessive contact resistance between 
conducting layers) or reliability (e.g. through 
delamination of layers later in the process) will be 
compromised. Gaseous reactants which are more aggressive 
than oxygen can be used to reduce or possibly eliminate 

35 this carbon residue. Otherwise, it may be removed by 
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following partial removal of the photoresist via laser 
cleaning in oxygen either by a brief wet cleaning step, 
or by a follow-up laser scan with the wafer immersed in a 
flowing liquid solution. 
5 Residues 

Typically, during cleaning of foreign material 
that is difficult to remove, the foreign material is 
transformed into residues or other modified states that 
can be very difficult to remove, and cannot be removed by 

io additional cleaning using the same process. For example, 
photoresist that has been subjected to the ion 
implantation process is not only difficult to remove from 
a surface, but also tends to leave a residue on the 
surface after, e.g., laser or plasma cleaning. 

is Photoresist that has been subject to ion implantation 
becomes a different material due to chemical molecular 
cross-linking and evaporation of volatiles. Cleaning 
this material is very different than cleaning 

photoresist. 

20 surface cleaning 

surface cleaning procedure begins by identifying 
the foreign material on the substrate surface with Auger 
analysis, ESCA or other appropriate analytical 
techniques. Subsequently, various parameters are 

25 selected to achieve optimal removal of the identified 
foreign material. 

Input Energy Selection 
Efficient surface cleaning requires optimization 
of the characteristics of the energy delivered to the 
30 foreign material. This generally requires consideration 
of the energy absorption characteristics and the ablation 
characteristics of the foreign material, the substrate, 
the input gas, and the cloud of ablation components. 
Ideally the appropriate energy characteristics coincide, 
35 as closely as possible, with the peak in the absorption 
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bears an inorganic material e.g., a refractory metal that 
has a very high boiling point. By applying laser pulses 
at an obligue angle to the surface of the substrate, as 
described in detail below, a sufficiently high energy 
5 density can be used to remove the inorganic material 
without damaging the surface because, e.g., at such an 
angle of delivery most of the beam energy is absorbed by 
the contaminant and very little energy is absorbed by the 
substrate. Also, exposing inorganic foreign material to 

io an appropriate reactive species helps to remove 

refractory metals by forming volatile reaction products 
at the surface, which can be easily entrained in a flow 
of gas or liguid, e.g., containing the reactive species. 
It has also been observed that immersing the 

15 substrate in a liguid reduces the energy density 

reguirement for cleaning (see the section of the present 
application entitled "Submerged Reactions"). In this 
case, foreign material (e.g., a thin layer of amorphous 
carbon residue) can be removed by a much lower energy 

20 density than that generally reguired for ablation of 

organic films not submerged in a liguid. We believe the 
laser energy excites the reactive species in the liguid 
and localized heating of the surface accelerates the 
reaction between the foreign material and the excited 

25 reactive species. Generally, the density of excited 
species produced will be proportional to the energy 
density of the applied laser pulses (although the 
efficiency of the process is determined by the total 
number of excited species produced, which is proportional 

30 to the total pulse energy) . Results indicate that energy 
densities in the range of 20 mJ/cm 2 to 200 mJ/cm 2 can be 
used to efficiently remove submerged organic foreign 
material from a surface. 
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Roam s patial c haTacteristics 

The spatial characteristics (shape and dimension, 
energy density profile, wavelength distribution) of the 
laser beam pulses illuminating the foreign material may 
5 be selected to enhance the reaction between the ablation 
components and the reactive species in the input gas. 
Proper selection of the spatial characteristics of the 
applied beam also reduces the tendency for redeposit and 
improves the tendency for uniform removal of foreign 

10 material . 

Rpam Shape and Dim ensions 

The cross-sectional shape and dimensions of the 
laser radiation are selected to provide efficient surface 
cleaning at a high rate within the constraints of certain 
15 other parameters (e.g., the energy of the laser). 

The energy density requirements and the energy per 
pulse available from the laser source limits the size and 
shape of the beam. For example, an excimer laser at a 
wavelength of 248 nm typically produces pulses of 80 mJ. 
20 Without considering losses in the optical system, such a 
laser can illuminate at most 0.2 cm 2 with an energy 
density of 400 mJ/cm . 

For raster scanning of the beam in a two- 
dimensional array, the simplest beam shape to use is 
25 rectangular because the output beam from typical 

commercially available excimer lasers is rectangular (for 
example, approximately 10 mm x 20 mm from the Cymer CX-2 
laser) . The most straightforward way of using this beam 
is to deliver the beam directly from the laser source to 
30 the substrate surface or to use one or two spherical 
lenses or mirrors to form a magnified or demagnified 
image of the beam at the substrate surface. Typically, 
the transverse cross-section of the beam has a Gaussian 
energy density profile across one axis and a uniform 
35 energy density profile across the other axis. If no 
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characteristics of a given foreign material to be cleaned 
(noting that the amount of energy reaching the foreign 
material also depends on the absorption characteristics 
of the surrounding atmosphere) . 
5 Laser Energy 

When the energy is delivered by a pulsed laser the 
energy density used in the removal of foreign material 
depends largely on the type and amount of the foreign 
material and the need to avoid damaging the substrate. 

10 Beam Energy Density 

The energy density of a laser beam pulse is 
defined herein as the beam intensity , measured normal to 
the direction of beam propagation integrated over the 
duration of the pulse; we will ignore the variation of 

15 the intensity during a pulse (this is generally not an 
important consideration for typical lasers and pulse 
energies used for surface cleaning) . The energy density 
range, as defined herein, lies between the energy density 
at which cleaning begins and the level at which the 

20 substrate surface first becomes damaged. 

Generally, the selected pulse energy density 
increases with the boiling point of the particular 
foreign material to be removed. Organic materials tend 
to have relatively low boiling points, whereas inorganic 

25 materials generally have much higher boiling points and 
typically require higher energy densities for efficient 
removal. However, this range may vary depending on the 
values selected for other parameters. For example, the 
selected energy density will also depend on the quantity 

30 of foreign material to be removed, the desired substrate 
cleaning rate, the reaction efficiency of the reactive 
species in the input fluid, and the need to avoid 
damaging the substrate. If the energy density is high, 
the substrate may be damaged. If the energy density is 

35 low, little or no foreign material may be removed. For 
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example, an input gas containing oxygen and radiation 
with a wavelength of 248 nm can be used to remove a layer 
of photoresist 1 micron or greater in thickness from a 
silicon wafer. In this case, an energy density greater 
5 than 1000 mJ/cm 2 , normally incident, may damage the device 
structures fabricated on the silicon wafer, while a 
density less than 150 mJ/cm 2 may not remove photoresist at 
all- If a very efficient reactive species is used, a low 
energy density can be applied, while still efficiently 
io removing the ablation components. 

Organic materials tend to strongly absorb UV 
radiation and tend to have ablation characteristics in 
which the ablation rate is not substantial until the 
energy density of the applied pulses is greater than the 
15 ablation threshold of the foreign material. Above this 
threshold the ablation rate increases with an increase in 
energy density. Organic materials (e.g., photoresist) 
tend to ablate (break down into volatile components) 
photolytically (i.e., as a result of light absorption) 
20 and/or thermally (i.e., as a result of heating), 
depending upon the wavelength of the laser light. 

In the case of stripping ion- implanted photoresist 
from a semiconductor wafer, the substrate damage 
threshold for a normally incident beam has been found to 
25 be as low as 200 mJ/cm 2 . However, with a beam incident at 
an angle of 80 • with respect to normal, energy densities 
from 500 mJ/cm 2 to 2000 mJ/cm 2 can be applied to the same 
wafer without damaging the wafer. 

Typical substrates (e.g., semiconductor wafers), 
30 are formed from inorganic materials which are not strong 
absorbers of UV radiation and/ or have relatively high 
ablation thresholds. The energy density constraint 
reguired for removal of high boiling point inorganic 
materials may be relaxed by proper selection of other 
35 parameters. For example, consider a substrate which 
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measures are taken to make the transverse cross-sectional 
energy density profile of the beam spatially uniform, the 
beam should be scanned across the surface in the 
direction of the greatest non-uniformity to enhance the 
5 uniformity of surface illumination. 

An elongated beam is preferred under certain 
conditions because such a beam shape is compatible with a 
surface cleaning system that uses unidirectional scanning 
of the laser beam (delivered using, e.g. , stationary 
10 optics and linear translation of the substrate; e.g., in 
the direction parallel to the narrow dimension of the 

laser beam) . 

Referring to Figs. 2 and 2A, the elongated 
dimension 46 of beam 42 at a substrate surface is 

15 selected based largely upon the size of the substrate to 
be cleaned, whereas the narrow dimension 48 of the beam 
is selected largely by the beam energy supplied by the 
laser; both of these parameters are governed by the 
energy density required for efficient cleaning. In a 

20 particular embodiment, shown in Fig. 2, a beam expanding 
system 32 may include a pair of cylindrical mirrors 34 
and 36, with vertical cylinder axes, which expand the 
beam along one dimension to a width 38 of, e.g., 200-250 
mm. A mirror 40 delivers beam 42 to a lens 44 (a 

25 cylindrical refractive lens) which focuses beam 42 in 

elongated region 4 6 so that at the place where it strikes 
the substrate surface it has a width of, for example, 
less than 0.5 mm along dimension 48. Thus the final beam 
striking the surface gives the appearance of a knife 

30 edge. Alternatively , flat mirror 40, may be replaced by 
a cylindrical focusing mirror 41, as shown in Fig. 2A. 

The beam need not be rectangular. As shown in 
Fig. 2B, a pair of mirrors 50 and 52 could be arranged to 
act cooperatively on an incoming light beam 54 generated 

35 by a deep UV light source to produce a half -moon-shaped 
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region 56 of illumination on a substrate surface 58 which 
has the advantage of concentrating particulate debris 
generated toward the center of the beam where it can be 
drawn off more easily by a vacuum nozzle. 
5 Also, the size of the illuminated region on the 

surface may be made larger , e.g. , to the point where the 
entire surface of the substrate is illuminated. As 
discussed above, higher laser energies permit larger beam 
dimensions for a given energy density (one of the 

10 constraints that should be optimized for efficient 
surface cleaning) . 

Reflective optical elements (mirrors) are 
generally preferred over refractive optical elements 
(lenses) for part or all of the beam-forming system 

15 because the material forming reflective optics can be 
selected on the basis of thermal stability (e.g., 
Zerodur) , as opposed to optical transmission criteria 
required for refractive elements. Also, properly 
prepared reflective surfaces can withstand much higher 

20 beam intensities than refractive elements (this is an 
especially important consideration when shorter 
wavelengths, such as 193 nm, are used). Finally, 
reflective optical elements will direct light of 
different wavelengths to the same location / which is 

25 useful for beams that include multiple wavelengths of 
light. 

Energy Dens ity Profile 

The optics delivering the radiation to the wafer 
surface may be adapted to provide a tuned energy density 
30 profile for each laser pulse to optimize the cleaning 
process and enhance the reaction between the ablation 
components (also called "ablated foreign material") and 
the reactive species in the input gas. 

Referring to Fig. 3, the energy density profile 
35 along the narrow dimension of an elongated beam may have 
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a central high energy density region 50 and a broad low 
energy density region having a leading edge 52 and a 
trailing edge 54. It is speculated that the profile of 
Fig. 3 enhances the cleaning process by "pre-exciting" 
5 the foreign material with a low energy density, before 
the high energy density region 50 ablates the material. 
It is also speculated that the energy density profile 
shown in Fig. 3 alters the formation dynamics of the 
resulting cloud of ablation components in a manner that 

10 reduces redeposition by causing the cloud of ablation 
components to flow away from the previously cleaned 
regions of the wafer. 

High intensity region 50 would typically be 2 0/xom 
to 100 /xm wide with an energy density greater than 2 00 

15 mJ/cm 2 per pulse , while the remaining part of the beam 
could be as broad as 3 mm and have an energy density of 
20 mJ/cm 2 . If the illuminated surface is submerged in a 
liquid, the broad , lower intensity portion of the beam 
would be useful for generating a high concentration of 

20 reactive species in solution (for example, CI or oxygen 
ions) , which would diffuse to the cloud of ablation 
components, whereas the higher intensity portion would be 
useful for locally heating the surface and initiating the 
reaction. When the applied pulses are delivered at an 

25 oblique angle of incidence, the energy density profile 
could be quite different. Measured in a plane normal to 
the direction of beam propagation, the energy density of 
region 50 may be as high as 2000 mJ/cm 2 without causing 
damage to the substrate. 

30 Alternatively, the energy density profile of the 

laser pulses may have a relatively wide leading edge 66 
and a narrower trailing edge 68, as shown in Fig. 3A. It 
is believed that such a profile would cause the cloud of 
ablated foreign material to form differently than the 

35 profile shown in Fig. 3. The energy density profile may 
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instead have a broad energy density profile 70 (Fig. 3B) , 
with minimally differentiated leading and trailing edges. 

Referring to Fig. 3C, the energy density profile 
of the laser pulses may include a broad low energy 
5 component and two or more high energy density regions. 
Spaced an appropriate distance apart, these multiple high 
energy density regions will provide the advantages of 
multiple scans in a single sweep (see the discussion 
below in reference to Fig. 9) . As shown in Fig. 3C, a 
10 high energy laser beam can be split into several (e.g. f 
three) knife-like beams that are spaced apart by about 
0.25 inch to 0.5 inch. The beam can be split by a phase 
grating or a beam splitter. This technique allows a 
large amount of laser energy to be applied to the foreign 
15 material during a single sweep, enabling efficient and 
high speed cleaning. 

Referring to Fig. 4, a structure for forming a 
profiled beam includes a wedge prism 80 that has a beam- 
splitting surface 82 positioned in the path of an 
20 incoming light beam 84. A portion 86 of beam 84 reflects 
directly off of the beam-splitting surface and 
illuminates substrate surface 88. A second portion 90 of 
beam 84 also illuminates the substrate surface after 
undergoing internal reflection within the prism. The 
25 prism and the substrate surface are arranged so that one 
of the beam portions 86, 90 is focused on the surface as 
a narrow elongated beam, while the other beam portion is 
delivered to the surface as a wider, unfocused, elongated 
beam. 

30 Wavelength Distribution 

The profiles of Figs- 3, 3A, 3B and 3C may be 
formed using monochromatic light. For example, the 
energy density profile of Fig. 3B may be formed, e.g., by 
homogenizing excimer laser pulses that have Gaussian 

35 energy density profiles. 
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Alternatively, such profiles may be formed by a 
superposition of light beams of different wavelengths , 
which each having a preselected energy density profile. 
Referring to Fig. 3D, an elongated ablation beam can be 
5 formed from a focussed beam of radiation 72 that has a 
wavelength 266 nm and a width 74 of 100 /nm, along the 
narrow dimension of the beam, superimposed with a beam 76 
that has a wavelength of 355 nm and a width 78 of 10 mm. 

Multiple-wavelength energy density profiles could 

10 be formed by superimposing light from two separate 

sources. In these schemes, laser pulses (e.g., having a 
wavelength of 248 nm or 193 nm) from a laser source would 
be focused onto the wafer surface to provide the narrow 
high energy density portion 72 of the illuminating 

15 radiation, and light from a lamp (e.g., a UV f loodlamp) , 
or a second laser source, would provide the broad, low- 
energy density portion 7 6 of the illuminating radiation. 
The wavelength of the high energy density pulses would be 
selected to optimize ablation of the foreign material, 

20 while the wavelength of the low energy density light 

could be selected to excite the reactive species of the 
input gas into a more reactive species or preexcite the 
foreign material. A focused light beam from a UV 
f loodlamp, which produces relatively high energy density 

25 light at wavelengths below 200 nm, could be used to 

generate highly reactive ozone from an oxygen atmosphere 
to enhance the photbreactive process. 

In another possible embodiment, multiple- 
wavelength energy density profiles may be formed from a 

30 single high power laser source, e.g., a Nd : YAG laser in 
combination with frequency-multiplying optics, which 
provides radiation at wavelengths of 532 nm, 355 nm, 266 
nm, and 1064 nm, at energy densities sufficient for 
ablation. Thus, beam pulses at each wavelength would be 

35 selectively delivered to the wafer surface. For example, 
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the 266 nm beam could be focused onto the surface to form 
the high energy density region 72 and the longer 
wavelength beams would form the broad lower energy 
density region 76 of the composite beam. 
5 Acoustic Pulses 

An acoustic transducer 100 (Fig. 5) may be 
included in the system to deliver acoustic pulses 102 to 
foreign material 104 on a substrate surface 106 at a high 
frequency. The ultrasonic frequencies which would be 

10 used in surface cleaning preferably lie in the range of 
30 kHz to 75 kHz, and more preferably between 4 0 kHz and 
55 kHz. It is believed that the high frequency pulses 
help to remove submicron particles from the wafer surface 
either by direct transfer of acoustic energy to the 

15 foreign material or by favorably enhancing other surface 
cleaning phenomena. The transducer may be adapted to 
provide an energy pulse to a cloud 108 of ablation 
components at times that are coordinated with the 
delivery of laser pulses 110 to help promote the reaction 

20 between the ablated components in cloud 108 and the 

reactive species of input gas 112. The use of such high 
frequency acoustic pulses provides athermal energy that 
can complement other forms of energy delivered to the 
surface or to cloud 108. 

25 As mentioned above, the entire wafer may be 

submerged in a liquid which would serve the purpose of 
efficiently transmitting the acoustic pulses to the 
region of a cloud of ablation components while reactive 
species are delivered, in liquid form, to the submerged 

30 cloud. 

Plasma Discharge 

Referring to Fig. 6, electrodes 120, 122, which 
are separated by an insulator 124, may be used to provide 
a plasma discharge 126 in the vicinity of the cloud 128 
35 (also called the "reaction zone") to promote the reaction 
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of the ablation components with the reactive species in 
the input gas. The plasma discharge can be continuous or 
pulsed. The pulsed discharge can be triggered by the 
delivery of a laser pulse 130 or by the presence of 
5 ablated foreign material 132 between the electrodes. 
Input gas 134 , 136 can be delivered above and/or below 
the discharge source, as shown. Alternatively , as shown 
in Fig. 6A f electrodes 120, 122 may form part of a gas 
delivery nozzle 138 to pre-excite input gas 140 and 

10 thereby greatly increase the concentration of reactive 
gas species in the input gas delivered to cloud 128. The 
excited reactive gas species produced by the discharge 
may be further excited by the laser pulses 130 delivered 
to foreign material 142. 

15 Input Energy Delivery 

In addition to selecting the optimal form of the 
energy to be delivered to the surface (e.g., laser pulses 
possibly augmented by acoustic pulses and/ or plasma 
discharge) , proper delivery of the energy to the surface 

20 has been observed to greatly improve the cleaning 
results. 

Angle of Incidence 

Delivering laser pulses at ah oblique angle of 
incidence relative to the wafer surface enhances the 

25 cleaning effect arid reduces damage to the wafer surface 
for a beam of a given energy level. An oblique angle of 
incidence also seems to aid the flow of ablation 
components away from the cleaned regions of the wafer 
(this may be due to the favorable energy density profile 

30 across the illuminated region of foreign material, the 
directional nature of the laser photons, or the shock 
waves produced by the laser pulses) . 

Referring to Fig. 7, laser pulses 200 may be 
delivered to a substrate surface 202 at an acute angle of 

35 incidence 8 relative to the surface. Good results are 
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achieved for angles between 0° and 30°, preferably 
between 0° and 20°, and more preferably between 12° and 
15°. In this way, a significant proportion of light 
energy is absorbed by a layer of foreign material 204 and 
5 only a small fraction of the light energy absorbed by the 
substrate surface (because, e.g., the effective depth of 
the layer of foreign material increases as the angle of 
incidence of the illuminating beam is reduced relative to 
the substrate surface) . This allows higher energy 

10 densities to be used, and improves the cleaning results 
without damaging the substrate surface. 

One important advantage of using a beam delivered 
at an oblique angle of incidence is to preferentially 
ablate the side walls of patterned foreign material 

15 features. This is especially advantageous for those 
situations in which the top surface of the foreign 
material is more difficult to ablate than the side walls. 
This advantage may also be realized when removing 
unpatterned foreign material with an angled beam because 

20 side wall-like features are typically created during the 
removal process. As removal proceeds, the ablation 
surface of foreign material adopts a contour that is 
perpendicular to the incoming angled beam (not parallel 
to the surface of the foreign material) so that is 

25 receives the full energy density of the beam, while the 
surface of the wafer receives a much lower effective 
energy density, determinable by the geometry. 

Preferably the substrate is moved in the direction 
of arrow 206 so that the cloud of ablated foreign 

30 material is directed away from previously cleaned regions 
208. 

As shown in Fig. 8, energy densities up to 2000 
mJ/cm 2 can be used at angles of about 80° from normal 
incidence (i.e., 10° relative to the substrate surface). 
35 In this way, a much larger portion of the input energy 
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can be directed at the foreign material and less energy 
is received by the substrate. Higher energy densities 
are useful for some particularly difficult cleaning 
tasks, such as the removal of vertical-standing flakes of 
5 ion- implanted photoresist which strongly' adhere to 
surfaces. 

The input gas 210 may also be delivered to the 
wafer surface at an acute angle of incidence by a nozzle 
212. A cylindrical mirror 214 may be positioned in the 

10 path of light 216 reflected from the surface of the 
substrate. Mirror 214 focuses and redirects light 218 
back to the foreign material on the substrate surface, 
improving the efficiency of the procedure. 
Scanning Regimes 

15 The surface cleaning is unexpectedly more 

efficient if the parameters of the procedure are selected 
so that the laser pulses do not remove the photoresist 
layer in a single pass, but instead remove the 
photoresist in several passes. 

2p Referring to Fig. 9, using elongated laser pulses 

that have a wavelength of 193 ran, an energy density of 
about 34 0 mJ/cm 2 , and a pulse rate of 175 Hz, the maximum 
scan rate for clearing 1 /tm-thick ion- implanted 
photoresist from a wafer surface in a single pass is 

25 about 0.4 mm/sec, while the maximum scan rate for 

clearing 1 fim of photoresist in two passes is about 1.6 
mm/sec (about twice the removal rate as the single-pass 
scan) . These values are relatively constant for an 
oxygen flow rate between 20-120 SCFH (standard cubic feet 

30 per hour) . One possible explanation is that the reactive 
species in the input gas do not become depleted at higher 
scan speeds, because a smaller cloud of ablation 
components is formed (which can be easily reacted with 
and removed by the applied flow of input gas) . 
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There are a number of possible scanning methods. 
Two simple schemes are rastering a rectangular beam over 
a substrate (i.e., moving the beam or substrate whxle 
pulsing the laser so that a 2 -dimensional array of 
illuminated regions is produced) and scanning an 
elongated beam across the wafer in one direction 
(unidirectional scanning) . Unidirectional scanning may 
often be preferred because it is mechanically simpler to 

implement. . 

The total cross sectional area of the applied 
pulses is determined by the output energy per pulse of 
the laser which is used. For example, to maintain an 
energy density of 200 mJ/cm 2 at a surface using laser 
pulses of 40 mJ, the beam area should be 0.2 cm at the 
surface. Unidirectional scanning of an elongated beam 
over a 20 cm (8 inch) diameter substrate requires a beam 
width along the narrow dimension of 0.1 mm. Assuming 
laser pulses of 2 Joules per pulse are used, the maximum 
beam area should be 5 cm 2 to achieve an energy density of 
200 mJ/cm 2 . unidirectional scanning of a 2.5 cm (1 men) 
wide substrate could be performed with a beam having 
dimensions of 2.5 cm x 2 cm, or nearly square. On the 
other hand, for the same energy density, a 4 inch 
diameter substrate would require a 5 mm wide beam, and an 
8 inch diameter substrate would require a 0.5 mm wxde 
beam. Higher energy beams would allow wider beams which 
provide larger areas of illumination or higher energy 
densities over smaller areas, increasing the overall 
cleaning rate. 

30 There are several other possible scanmng methods, 

some of which are described below. 

in certain applications, it is desirable to 
separately illuminate a number of discrete small regions 
on the substrate surface rather than a single large 

35 region. For example, when performing material removal on 
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a surface, it may be desirable to generate a series of 
spaced-apart illumination regions across the substrate 
surface for efficient utilization of the reactive gas 
species and other components in the input gas. As shown 
in Fig. 10, instead of an elongated knife-like blade of 
radiation, the beam could be divided into an array of 
laterally displaced beams, each slightly oval in form, 
which would illuminate the substrate surface over the 
array of regions 230. The laterally displaced beams 
would be arranged so that after a substrate has passed 
through the beams in the scan direction 232 the entire 
surface of the substrate would have been exposed to the 
laser energy. 

Referring to Fig. 10A, the array of beams shown in 
15 Fig. 10 may be generated by a binary phase grating 
reticle 234 (e.g., an electron-beam fabricated phase- 
shifting mask) positioned in the path of an incoming beam 
236 to form an array of beams 238. A spherical focusing 
lens 240 focuses beams 238 at their respective locations 
in the array on substrate surface 242. A cylindrical 
optical component (not shown) is used to make the spots 
elliptical or oval, as shown in Fig. 10. The number of 
spots selected depends on the amount of laser energy 
available and the spot size at the surface. The array of 
25 regions 23 0 may be scanned across the wafer by moving the 
wafer relative to the optics. If the array repeats 
itself along the scan direction, the scan travel distance 
may be reduced (so long as the entire wafer surface is 
illuminated after one scan pass). Alternatively, the 
30 binary phase grating may be passed back and forth through 
the beam in direction 244 to provide any desired sequence 
of spot patterns over the surface of the substrate. 

If grating 234 includes a one-dimensional pattern, 
then a set of blade- like beams is formed on the surface 
35 of the foreign material resulting in the energy density 
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profile shown in Fig. 3D, which provides the above- 
mentioned advantages of multiple scans except in a sxngle 

sweep . jm 
Referring to Fig. 10B, when removing patterned 

5 ion-implanted photoresist from a silicon wafer, the use 
of an angled beam is effective in removing the compacted 
vertical-standing photoresist at the feature edges. 
However, it has been observed that this is preferentially 
more effective for features facing the beam at right 

io angles. In order to optimally remove all of the 

compacted feature edges, it is useful to perform two sets 
of scans with the angled beam, the laser optics or the 
wafer may be rotated 90 degrees to produce first 239 and 
second 241 transverse sets of scans. 

Tnnut Gas 

The choice of input gas used in surface cleaning 
is guided by the type of foreign material to be removed 
or other surface modification desired. The input gas may 
include reactive species, inert species, diluents, and 

20 inducer gases. 

Bpactive G «s Species 

Examples of proposed foreign material/reactive gas 
combinations are provided below. 

Fvample 1 

25 For the removal of organic contaminants, such as 

dust (comprising carbon, hydrogen, nitrogen, oxygen, 
trace metals and trace oxides) , polymer residues 
(comprising fluorinated and chlorinated carbon-based 
molecules) , photoresist monolayers (comprising carbon, 

30 hydrogen, nitrogen, sulfur, and trace concentrations of 
iron, sodium and other trace metals), polymers, 
polyimide, polyamide, and ion-iiaplanted photoresist the 
following photoreactive cleaning step would be performed: 
(1) use ultra-violet (UV) laser pulses with a 

35 wavelength of 248 nm in combination with oxygen 
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gas to remove the initial organic contaminant 
layer - 

UV(light) + o 2 + C - CO (gas) + C0 2 (gas) 
UV(light) + {H, N, S} + 0 2 -> {H 2 0, N0 2 , S0 2 } (gas) . 
5 Example 2 

The initial organic cleaning step (example 1) 
usually causes the oxidation of aluminum metal layers 
according to: 

4A1 + 30 2 -> 2A1 2 0 3 . 
10 The following gases may be employed to remove 

native aluminum oxide: 

(1) UV laser pulses with chlorine gas - 
UV(light) + 2A1 2 0 3 + 6C1 2 - 4AlCl 3 (gas) + 30 2 (gas); 

(2) UV laser pulses with boron chloride gas - 
15 UV(light) + A1 2 0 3 + BC1 3 - 2AlCl 3 (gas) + B 2 0 3 (gas). 

Example 3 

The initial organic cleaning step (example 1) 
usually causes the oxidation of the silicon substrate 
according to: 
20 Si + 0 2 -* Si0 2 . 

To remove silicon oxide films the following gases may be 
used with UV laser pulses: 

(1) UV (light) + 3Si0 2 + 0 2 + 2C 2 F 6 - 
3SiF 4 (g)+4C0 2 (g) ; 
25 (2) UV(light) + Si0 2 + CF 4 - SiF 4 (gas) + C0 2 (gas), 

Example 4 

To remove silicon films the following gases may be 
used in combination with UV laser pulses: 

(1) UV(light) + 3Si + 40 2 + 2C 2 F 6 - 
30 3SiF 4 (g)+4C0 2 (g) ; 

(2) UV (light) + Si + 0 2 + CF 4 - SiF 4 (gas) + 
C0 2 (gas) . 
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Example 5 

To remove metal- and oxide-bearing residues 
chlorine gas may be used with UV laser pulses: 

(l) uv(light) + 2A1 2 0 3 + 6C1 2 - 4AlCl 3 (gas) + 30 2 (gas); 
5 (2) si + 2C1 2 - SiCl 4 . 

The above examples are simplified to show the 
strategy of targeting the contaminant with the 
appropriate gas. 

Tnriucer Gases 

10 Additional gases, referred to as inducer gases, 

may be included in the input gas to enhance the 
efficiency of the reaction between the reactive gas 
species and the foreign material to be cleaned. The 
addition of inducer gases is particularly useful for 

15 removal of highly cross-linked polymer residues. 

Carrier Gases 

A nonreactive carrier gas such as helium may be 
mixed with the reactive gas such as oxygen to take 
advantage of the low viscosity of helium. A properly 

20 selected mixture of helium and oxygen will have a lower 
viscosity than pure oxygen, which will permit faster and 
more effective delivery of the oxygen to the cloud of 
ablation products. 
Diluent Gases 

25 if the gas has an appreciable absorption 

coefficient for the radiation used, care must be taken to 
insure that an adequate beam intensity reaches the 
substrate. As a general rule, the absorption coefficient 
multiplied by the length of the beam path in the gas must 

30 be less than 1. Since the beam path in most 

configurations will be in the range 1 cm to 10 cm, this 
means that the absorption coefficient of the gas or gas 
mixture at the operating conditions should in any case be 
less than 1 cm' 1 . 
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At 24 8 nm wavelength , the absorption coefficient 
of both air and oxygen at 1 atm pressure is negligible, 
while that of pure ozone (0 3 ) is approximately 300 cm* 1 . 
The absorption coefficient of a gaseous ambient is 
5 proportional to the density of the absorbing species: 
when using ozone, for example, acceptable beam 
transmission can be obtained by diluting it to 0.01% by 
volume (in air, oxygen, or an inert gas such as helium or 
argon) , or by reducing the pressure to 0.0001 atmosphere, 

10 or by some combination of dilution and reduced pressure. 

Diluent gases may be used to increase the mean 
free path of the excited species (e.g., N 2 0 — > N 2 -fO) , 
before recombination, allowing more of the reactive 
species to reach the surface. 

15 Input Gas Delivery 

Referring to Fig. 11, in one embodiment, the input 
gas is delivered to the cloud 291 of ablation components 
above the wafer surface. This enhances the reaction 
between the ablation components of the foreign material 

20 in the cloud and the reactive gas species in the input 
gas. The input gas is delivered through a nozzle 280 
with either a rectiangular or circular orifice at an angle 
between 10° and 45° relative to the substrate surface. 
The nozzle may include baffles 282 to create a turbulent 

25 flow of the gas to the reaction cloud. 

Surface cleaning is significantly improved if the 
input gas is delivered to the cloud of ablation 
components at a high velocity. We believe higher gas 
velocities provide a higher concentration of reactive gas 

30 species to the cloud of ablation components, which 

increases the number of ablation components that react 
with the delivered reactive gas species. Good results 
have been achieved using input gas flows of 10-100 SCFH 
from a 0.1 inch wide by 8 inch long orifice, positioned 

35 0.2 inches above the substrate surface. The gas is 
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delivered at a velocity preferably between 50 mm/sec and 
20,000 urn/sec, more preferably between 100 mm/sec and 
10,000 mm/sec, and most preferably between 200 mm/sec and 
5,000 mm/ sec. 

5 The gas could be delivered continuously or as a 

series of intermittent pulses synchronized with the 
delivery of the pulses of laser radiation, which reduces 
gas usage. The pressure inside the cleaning system may 
be reduced to about 0.1 atm to maximize the velocity of 
io the input gas. A heater 284 may be coupled to gas 

conduits 286 (alternatively, heater 284 is coupled to the 
nozzle) to preheat the reactive gas to a temperature 
between 30»C and 300-C to increase the rate of reaction 
between the ablation components and the reactive gas 
15 species in the input gas. Heating the input gas also 
compensates for the isenthalpic cooling resulting from 
expansion of the gas as it leaves the nozzle. 

Referring to Fig. HA, a rectangular nozzle 281 
has an elongated rectangular slot 283 which can direct an 
20 input gas onto a substrate 293 with a relatively uniform 
pressure of 1-90 psi horizontally across an UV 
illuminated region 285 of the surface. Slot 283 is 
positioned about 2-5 mm above the surface of the wafer 
and about 1-10 mm in front of (in the direction indicated 
25 by arrow 287) the reaction zone and is aimed at an angle 
289 of between 10 and 45 degrees, measured from the plane 
of the wafer. A heating element may be provided at the 
end of nozzle 281, or at a valve 291, to adjust the 
temperature of the input gas. The width of slot 283 of 
30 nozzle 281 can be made adjustable to optimize the gas 

flow rate for particular foreign materials to be cleaned 
away. 

ffas Removal 

An exhaust nozzle 292 (Fig. 11) coupled to a 
35 vacuum pump 294 provides a high velocity exhaust near the 
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cloud of ablated foreign material to evacuate the reacted 
and unreacted ablation components in the cloud 291. The 
exhaust gas can be filtered, processed and reconstituted 
to reduce processing costs. Also, the input and exhaust 
5 gas parameters may be selected to develop a gas flow 
capable of entraining the components of the cloud of 
reacted and unreacted ablated foreign material away from 
the vicinity of the substrate. 

Submerged Reactions 

10 Referring to Fig. 12, in another embodiment, the 

surface to be cleaned is immersed in a liquid solution 
which includes a reactive species. The beam is 
transmitted through the liquid to the surface to be 
cleaned (at a normal or oblique angle of incidence). The 

15 input beam provides localized heating of the surface and, 
in the case of organic foreign materials, causes the same 
type of ablation cloud to form. The input beam also 
excites reactive species in the liquid solution. 

Using a liquid medium for the reaction may be 

20 preferable to using an input gas to clean foreign 

materials that are not easily ablated at beam energies 
below the damage threshold of the substrate, or with 
foreign materials that are prone to recondense on the 
substrate in gaseous atmospheres. The liquid may be 

25 static, turbulent or may be flowing laminar ly. In those 
embodiments in which the liquid flows, the liquid 
preferably flows at a velocity between 0.2 mm/ sec and 
2,000 mm/sec, more preferably between 0.5 mm/sec and 
1,000 mm/sec, and most preferably between 1 mm/sec and 

30 500 mm/ sec. The liquid may also be filtered and 

replenished during the processing. The flowing liquid 
may also be non-reactive. 

In one example, a residue on a silicon wafer 
remaining after stripping ion-implanted photoresist was 

35 removed by scanning a 248nm wavelength excimer laser beam 
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over the residue while the wafer was immersed in an 
oxidizing solution (approximately 0.3% concentration of 
hydrogen peroxide in de ionized water) at a temperature 
between 150 and 200 degrees Fahrenheit , and a depth of 5 
5 to 10 millimeters. The beam energy required for this 

process was 20 mJ/cm 2 , and the beam cross section was 1 cm 
x 4 cm. 

Additives can be included to enhance the action of 
the oxidizing solution. For example , stripping of 

10 organic residue by a hydrogen peroxide solution may be 
accelerated by the addition of a wetting agent such as 
polyethylene glycol p-tert-octylphenyl ether (Triton X- 
100) , or an alkali such as potassium hydroxide or 
trisodium phosphate. For example , the stripping action 

15 of a 0.15% solution of hydrogen peroxide in deionized 
water was found to be significantly accelerated by the 
addition of an approximately 1% concentration of 
trisodium phosphate. For cleaning silicon wafers, metal 
ion free alkalis such as ammonium hydroxide or 

20 tetramethylammonium hydroxide are preferred. 

Absorption Coefficient and Depth o f Liquid 
Solution 

When performing laser surface cleaning on a 
substrate in a liquid solution, the UV light absorption 

25 coefficient of the solution is a very important factor in 
the process. In a solution consisting of a UV-absorbing 
solute (such as H 2 0 2 at 248 nm) in a non-uv-absorbing 
solvent (such as deionized water at 248 nm) , the 
absorption coefficient is proportional to the 

30 concentration of the solute. For example, a 0.15% 

solution of H 2 0 2 in water has an absorption coefficient of 
2.6 cm" 1 at 248 nm. The interaction of the laser beam 
with the liquid solution can generate high concentrations 
of reactive species (for example, H 2 0 2 — > 20H) along the 

35 beam path. This interaction can also produce heating and 
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excitation of the foreign material to accelerate the 
reaction of the foreign material with the solution, both 
with species originally present in the solution and with 
those generated by the beam. 
5 For a given depth of the substrate in the 

solution, there is a conflict between the desire to 
maximize the beam intensity reaching the foreign material 
(which demands the smallest possible absorption 
coefficient, and therefore, concentration of absorbing 

10 component) and the need to generate reactive species in 
the solution (which demands a high concentration, 
therefore a high absorption coefficient). There are some 
guidelines, however, which can help to define a suitable 
concentration. For example, for a given fixed depth of 

15 solution, the density of excited species produced is 
maximized if the concentration of the absorbing species 
is adjusted so that (absorption coefficient) x (depth) = 
1. Having a concentration greater than this amount will 
detract from both the heating of foreign material and the 

20 production of excited species at the substrate depth. 

By minimizing the depth of the substrate in 
solution, we should obtain an optimal combination of 
heating of the foreign material and production of excited 
chemical species in the solution. The limits on the 

25 shallowness of the solution are practical ones imposed by 
surface tension of the liquid on the substrate and the 
need to avoid beam-induced boiling. A controllable 
shallow depth of solution can be obtained by flowing the 
liquid over the substrate and/or by adding a wetting 

30 agent to the solution. The useful liquid depths for 

submerged cleaning lie in the range 0.5 mm to 20 mm, and 
useful flow velocities range from 0.1 mm/sec to 50 
mm/sec. Preferably, the liquid flow is delivered at an 
angle of 0°-5° relative to the surface of the substrate. 

35 A flowing solution is also useful for delivering a 
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continuous supply of fresh solution to the reaction area. 
This is important because the solution may "bleach" with 
sustained exposure to the beam as absorbing species are 
depleted. This phenomenon has been observed with several 
5 solutes, such as H 2 0 2 and KOH. 

As shown in Fig. 12, if an angled beam is used, 
the beam will be refracted at the liquid/air interface 
and the angle of the beam striking the substrate is the 
refracted angle, calculated according to Snell's law, and 

10 dependent upon the refractive index of the liquid at the 
beam wavelength. The intensity of the beam reaching the 
foreign material must be calculated on the basis of the 
length of the actual beam path in the liquid, rather than 
the depth of the foreign material below the surface. The 

15 increased path length relative to a vertical beam may 
make it necessary to reduce the concentration of 
absorbing species in the solution. However, with an 
angled beam the reactive species produced along the beam 
path in the solution are much more "available" to 

20 participate in the reaction, since they are produced 
upstream from the reaction area, at a reduced height 
above the substrate. 

Reaction Conditions 
Prior to cleaning, a substrate may be pretreated 

25 using one or more pretreatment techniques that facilitate 
the removal of foreign material from the substrate 
surface. 

Resist Pretreatment 

In the case of ion-implanted photoresist, the 
30 photoresist can be preheated or exposed to UV light from 
a UV floodlamp to further compact the photoresist 
underneath the top ion- implanted layer. The pretreatment 
would cause cross-linking of the underlying photoresist 
layers and would drive out solvents within the 
35 photoresist. This reduces the blistering of photoresist 
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during the laser cleaning process. The blistering tends 
to increase the volume of particulates formed and 
redeposited on the surface. The pretreatment appears to 
reduce explosive heating of the photoresist that would 
5 create flakes and particles from the compacted top layer. 
The pretreatment enables the top layer and the underlying 
photoresist layer to ablate at the same rate, thus 
achieving a desired stripping of the photoresist from top 
to bottom. 

10 The photoresist layer could also be dyed with a UV 

light absorbing compound (for example, dyes such as 
Rhodamine 6G, Rhodamine 100, and IR232, available from 
Lambda -Physik GMBH, Gottingen Germany) following 
development of the photoresist, preferably before ion 

15 implantation. Alternatively, the dye can be employed in 
the original formulation of the photoresist. This kind 
of pretreatment promotes top down photoresist removal by 
avoiding blistering. 

Referring to Fig. 13, in another scheme for 

20 pretreating ion-implanted photoresist, an over-layer of 
photoresist 300 (e.g., Shipley AZ1400 although other 
organic films may be used) is applied on top of ion- 
implanted photoresist 3 02 on the surface of a substrate 
3 03. This kind of pretreatment appears to reduce 

25 particle formation during surface cleaning. We believe 
that by initiating breakup of the compacted layer 3 04, 
ablation of the over-layer generates relatively small 
particles which tend to react more completely with the 
reactive gas species and thus tend not to redeposit on 

30 the substrate surface. 

In another pretreatment scheme, the photoresist 
layer can be soaked in a mild alkaline solution (e.g., 
developer for positive photoresist or ammonium hydroxide) 
or exposed to a gas (e.g., ammonia) which aids the 

35 removal process. 
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gubstrate Heating 

The substrate may be heated by a heating element 
to raise the temperature of the substrate to about 150 -C 
to 200°C. It has been observed that by raising the 
5 temperature of the substrate, the removal rate of 

photoresist is significantly increased. It has also been 
observed that if the wafer is heated, the energy density 
of the illuminating pulses required for ablation can be 
reduced without compromising cleaning efficiency, which 
10 further reduces the possibility of damage to the wafer. 
Pafa l ytic Su rface 

To improve the efficiency of the photoreactive 
cleaning process, a catalytic surface 310 (e.g., a 
platinum wire) may be positioned in the vicinity of the 
15 cloud of ablation components 128, as shown in Fig. 14. 
The catalytic surface can take the form of a wire, mesh, 
porous surface or other configuration, or can be part of 
the gas delivery nozzle. 

meaning Chamber 

20 structure 

In one possible cleaning scheme, Figs. 15 and 16, 
foreign material 410 on a surface 412 of an eight-inch 
diameter substrate 414 is removed by a UV initiated 
reactive process in which energy in a knife-edge shaped 
25 laser beam 416 is absorbed by the foreign material. The 
foreign material undergoes a UV light-initiated reaction 
process in the presence of a controlled atmosphere 418 
(e.g, an input gas including a reactive gas species) . 
The gaseous product of the reaction process is then 
30 removed leaving no residue. The laser energy is arranged 
to be insufficient to damage surface 412. 

The laser beam is shaped and delivered via an 
optical system 420 that includes a laser source 422, 
which delivers a conventional rectangular cross-section 
35 beam 424 via a beam expanding system 426, to a 
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cylindrical mirror 428 (which shapes the beam into a 
knife-shaped cross-section) and a lens 430. The lens 430 
is a cylindrical refractive lens made from fused silica 
which allows visual inspection of the reaction chamber 
5 during a photoreactive cleaning procedure, which may be 
used to monitor the progress of a cleaning procedure as 
well as for end-point detection. 

Alternatively, the chamber may have a flat window, 
with the converging lens or mirror located outside the 

10 chamber. The height of the window above the substrate 
defines the length of the beam path within the reactive 
medium, which should be minimized if a highly absorbing 
gas mixture is used. 

The controlled atmosphere of reactive gas is 

15 provided within a closed reaction chamber 432 , which is 
sufficiently sealed to hold a pressure of about 1-3000 
Torr. A stream of input gas is blown across the region 
where the laser beam is striking the foreign material by 
a nozzle 434. In one configuration, the reaction 

20 chamber is fitted on one end with an "intake" gas 

manifold and on the other with an "exhaust" manifold 
which creates laminar flow of gas through a very narrow, 
low profile (and hence low volume) reaction chamber. The 
main advantage of the gas manifolds is to maintain a 

25 constant supply of filtered, fresh gas (gas can be non- 
reactive, such as nitrogen or argon, or reactive, such as 
oxygen) through the chamber, keeping the chamber clean 
(by carrying away debris/ contaminants) and under slight 
positive over-pressure. 

30 The reaction chamber also contains mechanical 

equipment to support the substrate and move it into and 
out of the chamber. The substrate is held securely by a 
conventional substrate chuck 436 which has protruding 
pins 43 8 spaced apart by about 120 degrees to hold the 

35 substrate in place. The chuck is mounted on a 
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translation stage 44 0. Translation stage 44 0 is 
electrically driven to move the substrate chuck back and 
forth within the reaction chamber at a controlled rate 
(e.g., a constant rate of about 6.5 mm/sec) specified by 
5 a controller 442 • 

For purposes of controlling a surface cleaning 
sequence, controller 442 is also connected to a 
mechanical pump 444, an evacuation valve 446, laser 
controller 448, an electrically driven mechanical arm 

10 450, mass flow regulators 452, vacuum valve 512, gas 
valve 482, and chamber door 472. 

Laser source 422 may be an excimer laser (for 
example, a Cyroer CX-2 excimer laser available from Cymer 
Laser Technologies of San Diego, CA, USA) , which 

15 generates a pulsed beam 424 at wavelengths of 248 nm and 
193 nm. Other lasers could be used, e.g., a tunable 
Alexandrite solid state pulsed laser in combination with 
a frequency multiplier. 

For efficient use of space, the entire optical 

20 system (i.e., the laser and the cylindrical mirrors) is 
mounted on the top of reaction chamber 432. A beam dump 
462 (Fig. 15) with a surface that strongly absorbs 
radiant energy in the range 157-250 nm (e.g., a block of 
hard-anodized aluminum with a row of narrow vanes 463 

25 oriented in the direction of the reflected laser beam) , 
is mounted inside the reaction chamber to receive radiant 
energy reflected from the substrate surface during 
surface cleaning. Lens 4 30 also serves as a window 
allowing visual inspection of the inside of the reaction 

30 chamber during a photoreactive cleaning procedure. 

Referring to Fig. 15, a diagnostic laser beam 516 
from a helium-neon laser 518 may be introduced into the 
reaction chamber through lens 43 0 with the beam from 
laser source 422. Monitor 520 could be configured to 

35 receive a reflected diagnostic beam 522 to verify that a 
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surface has been cleaned without having to remove the 
surface from the reaction chamber (e.g., by 
interf erometric or light scattering techniques well-known 
in the field of surface analysis) . Unlike prior 
5 diagnostic techniques used to monitor the cleaning of 
surfaces (e.g., spectrum analyzers used for plasma 
etching systems) , the photoreactive cleaning scheme 
allows convenient analysis of a surface, in situ, without 
exposing the surface analyzing equipment to the 

10 atmosphere inside the reaction chamber, which might 

damage the analyzing equipment or might contaminate the 
reaction chamber. 

The mirror 428 and the lens 430 shown in Fig. 15 
may be replaced with a flat (non-focussing) window and a 

15 cylindrical mirror with a horizontal axis. 

As shown in Fig. 16, a mixing chamber 524 is 
connected between the mass flow meters 452 and the gas 
valve 482. The mixing chamber comprises a small 
stainless steel chamber with baffles located in the flow 

20 paths of the gases from the mass flow meters 452 to 

create a turbulent atmosphere inside the mixing chamber 
which results in a homogenous mixture of the input gases 
prior to entering the reaction chamber. 
Operation 

25 Prior to cleaning, an appropriate set of surface 

cleaning parameters are selected. As discussed above, 
the values selected for these parameters will depend on 
the type of contaminant present, which can be 
predetermined by Auger analysis, by ESCA (electron 

30 scattering chemical analysis) , or any other appropriate 
technique. 

Once the contaminants have been identified (and 
the operating parameters selected) substrate 414 (Fig. 
15) is loaded into reaction chamber 432 through door 472 
35 from a wafer carrier and is positioned on substrate chuck 
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436 against banking pins 43 8 by mechanical arm 450 , with 
the surface to be cleaned facing upward. 

Mechanical pump 444 pumps on the reaction chamber 
until a pressure of between 1 and 10 Torr is achieved. 
5 Then stage 440 translates the chuck 43 6 and substrate 414 
at a constant rate across the reaction chamber from a 
rear end 476 to a forward end 478. As shown in Fig. 16 , 
as soon as the forward edge 480 of the substrate reaches 
reaction zone 468, the controller 442 electrically 

10 actuates a gas valve 482 to coordinate the delivery of 
the mixture of input gases (indicated by arrows 484), 
specified by mass flow regulators 452, from gas cylinders 
486, through nozzle 434. When the pressure within the 
reaction chamber reaches a desired pressure (e.g., 

15 between 10 Torr and 1 atmosphere) , the controller 442 

activates laser source 422 and laser beam pulses 424 are 
delivered to an illumination zone 468. 

Laser beam pulses 424 and input gas 484 in the 
reaction zone cooperate to cause a photo-activated 

20 reaction between the input gas and the foreign material, 
producing reaction products 49 6 that are removed from the 
reaction chamber by a mechanical pump 444 via evacuation 
valve 446 and through a charcoal filter 445 (see Fig. 
16) . The mixture of input gases 484 is delivered in a 

25 direction opposite the direction of substrate translation 
(indicated by arrow 498) in order to preferentially 
propel reaction products 496 away from the forward end 
500 of the substrate, which has been cleaned. 

After the entire surface of the substrate has 

30 passed beneath the illumination zone 468, and depending 
on the kind of processing the substrate was subjected to 
prior to being cleaned in reaction chamber 432 and the 
type of post-processing the substrate is to undergo, the 
surface 412 of the substrate may be cleaned as many times 

35 as is required and under different reaction conditions 
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using different input gases before removing the substrate 
from the reaction chamber. For example , a surface oxide 
cleaning procedure may be needed after a surface cleaning 
targeted to removing organic molecules, because during 
5 the organic cleaning sequence, metals may have become 
oxidized. 

Once the surface of substrate 414 has been 
cleaned, the gas valve 482 is closed. Then the substrate 
may be another wafer removed from the reaction chamber 

10 and loaded into a carrier, by mechanical arm assembly 450 
(e.g., a class 1 robotic substrate handler available from 
ADE Corporation of Newton, MA, USA) which is coupled to 
vacuum line 504 and has a slot 506 on arm 508. The 
mechanical arm assembly 450 is electrically controlled 

15 and is capable of rotating about axis 510. Arm 508 can 
be controllably extended or retracted horizontally (i.e., 
in the plane of Fig. 15) . 

The reaction chamber 4 32 is purged in a 
conventional manner with nitrogen gas from cylinders 48 6 

20 until the chamber reaches a pressure of slightly greater 
than 1 atmosphere, at which point controller 442 opens 
door 472. Controller 442 then directs the translation 
stage to position the substrate chuck at the forward end 
478 of the reaction chamber and causes the mechanical arm 

25 assembly 450 to rotate about axis 510, and arm 508 to 
extend toward substrate 414, so that slot 506 lies 
completely under the substrate. The controller opens the 
vacuum valve 512 between slot 506 and vacuum line 504, 
thereby causing substrate 414 to be held by arm 508. 

30 Mechanical arm assembly 4 50, with substrate 414 

affixed to arm 508 at slot 506, rotates about axis 510 
approximately 180 degrees. Arm 508 extends toward 
substrate holder 514, until the substrate is centered 
over holder 514. Controller 442 closes the valve between 

35 vacuum line 504 and slot 506 so that the substrate is 
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released from arm 508 and may be held by substrate holder 
514 • 

Arm 450 retracts and rotates from between the 
reaction chamber and the wafer carrier, and controller 
5 442 closes door 472 of the reaction chamber. 

other Ap r 1 i cations. 
Tnn-lmt? i antgd. Photoresist 

ion implantation is frequently used to fabricate 
semiconductor devices. A patterned layer of photoresist 
io (approximately 1 Mm thick) on a wafer surface shxelds 
selected areas of the wafer. The unshielded portxons of 
the wafer surface are bombarded by a stream of ions whxch 
become embedded in the wafer, while the photoresist 
prevents the ions from reaching the shielded regions of 
15 the surface. Commonly used ion implantation species 

include boron, phosphorus and arsenic, at doses up to 10 
ions per square centimeter. 

The removal of patterned ion-implanted photoresxst 
on a substrate presents a number of challenges. The xon 
20 bombardment converts the outer surface of photoresxst to 
a hard, brittle shell. It is important to supply laser 
pulses of sufficiently high energy density (e.g., above 
200 mJ/cm*) to break up this layer into small fragments 
which are more easily oxidized. At the same time, xt xs 
25 important to provide a sufficiently high velocity and 

concentration of oxygen across the surface (e.g., greater 
than 10 cm/sec) to increase the number of small partxcles 
that are completely consumed by combustion in the oxygen 
stream and to reduce the number of particles that 
resettle on the substrate. Under these conditions, a 
typical 1 Mm layer of patterned ion-implanted photoresxst 
can be stripped in 2 to 4 passes with a substrate 
translation rate of 4 mm/sec. 

Another problem encountered with patterned xon- 
35 implanted photoresist is the removal of the hardened 
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edges of patterned photoresist features, which strongly 
adhere to the wafer surface and aire not readily removed. 
An angled beam, incident at an angle of 75° to 82° from 
normal incidence, with an energy density of up to 2000 
5 mJ/cm 2 , measured normal to the direction of beam 

propagation, has been found to efficiently strip such 
hardened edges without causing visible damage to the 
substrate. With scan speeds of 4-8 mm/ sec, such edge 
flakes can be removed in 1 to 3 passes. 

10 It has been observed that after successful removal 

of the top of the hard shell, the uncompacted material 
underneath, and the edge flakes a thin layer of residual 
material still remains on the substrate surface 
(presumably in the form of amorphous carbon) . This 

is material is not readily removed by application of 

additional laser pulses in a reactive gaseous atmosphere 
such as oxygen. However, it has been observed that 
applying pulses to a wafer immersed in a liquid is 
effective in removing this residue. Deionized water, at 

20 a temperature between 150°F and 200°F, and an oxidizing 
solution (for example, a 0.3% concentration of hydrogen 
peroxide in deionized water) , in the same temperature 
range, have been used successfully for this application; 
much lower beam intensities, e.g., 10 to 20 mJ/cm 2 , can be 

25 used when the wafer is immersed in either of these 
liquids. 

Compact Disk Manufacturing 

The manufacture of commercial compact disks (e.g., 
for music recordings or read-only computer memories) 

30 involves the fabrication of several intermediate disks. 
The pattern is initially formed by photolithography on a 
"master" disk- A "father" disk is formed by peeling an 
electroplated nickel structure from the "master". A 
"mother" is generated from the "father" by 

35 electrof orming, and "stampers" are in turn electrof ormed 
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from the "mother". The "stampers" then press the desired 
pattern into the plastic disks. 

There are surface cleaning requirements at several 
stages in this process. The peeling of the "father" 
5 leaves a combination of nickel and organic residues on 
the "master", which must be cleaned if the glass is to be 
reused. On the "father" disk, the patterned photoresist 
must be removed from the nickel surface. This 
photoresist is less than 200 nm thick. Oxygen-assisted 

10 laser surface cleaning at relatively low energy (e.g., 
285 mJ/cm 2 ) was found to be effective at stripping this 
photoresist at a practical rate, without leaving any 
residue. At this energy level, the wafer was cleaned in 
four passes at a substrate velocity of greater than 10 

15 mm/ sec. An oxygen flow velocity of greater than 10 

cm/ sec across the disk surface was found to be effective. 
The "stampers" are known to accumulate a residue of the 
polycarbonate disk material after stamping a large number 
of disks. When this residue becomes thick enough in 

20 places to affect the fidelity of pattern transfer to the 
disks, the stamper must either be cleaned or discarded. 
The requirements for cleaning this material from the 
stamper surface are not as stringent as they are for 
cleaning semiconductor wafers, since it is only the 

25 mechanical properties of the stamper that are relevant. 
Good results were achieved in stripping polycarbonate 
residue from a stamper using excimer laser light at a 
wavelength of 248 nm and an energy between 600 mJ/cm 2 and 
1200 mJ/cm 2 and flowing oxygen across the stamper surface 

30 at the beam position at a velocity in excess of 10 

cm/sec. With the laser pulsing at a rate of 200 Hz, two 
passes at a scan speed of 4 mm/sec were sufficient to 
remove visible residue. 
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Ink Dot Removal 

It is common for semiconductor wafers to undergo a 
limited form of functional testing before being diced 
(cut up) into individual chips. It is also a common 
5 practice to mark defective devices with a small dot of 
ink, 1 to 3 mm in diameter, to identify them after 
dicing. Occasionally, the functional testing must be 
redone, and in such a case it is necessary to remove the 
ink dots placed on the wafer by the previous test. Since 

10 the wafer is at the end of the fabrication process, the 
exposed surface typically consists of a thick insulating 
layer such as BPSG (boro-phospho-silicate glass), and 
bonding pads of aluminum or an aluminum alloy. It is 
critical that the method used to remove the ink dots must 

15 not damage the bond pads or undercut the insulating 
layer. 

Excellent results have been obtained in removing 
ink dots from fully processed silicon wafers using an 
excimer laser beam of 248 nm wavelength and intensity 400 

20 mJ/cm 2 . With the laser pulsing at a rate of 200 Hz, the 
dots are cleared in 1 to 3 passes at 2 to 4 mm/sec scan 
rate, with a flow of oxygen at atmospheric pressure and a 
velocity near the wafer surface of greater than 10 
cm/ sec, directed opposite the direction of wafer motion. 

25 Examination of the wafers has shown that the bond pads 
and insulating layers are not damaged by this removal 
process. 

Flat Panel Display Substrates 

Referring to Fig. 17, the fabrication of flat 
30 panel displays involves the deposition and patterning of 
several device layers (e.g., an indium tin oxide layer 
249 which serves as a transparent conductor) on a glass 
substrate 247. There are several critical cleaning steps 
which are associated with this fabrication process, in 
35 which the same strategy for removing particles and 
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contaminants that was described previously for 
semiconductor wafers would be effective. In addition, 
some processes use a thin (e.g. # 50 ran) layer of hard- 
baked polyimide 251, on a spun-on glass layer 253. There 
5 is a need for polyimide removal, both for possible rework 
and for the patterning of this layer. In either case, 
the cleaning process that would be used for this 
application would be very similar to that used for 
stripping photoresist from CD master disks. Using 248 nm 
10 wavelength excimer laser radiation, a beam of 250-400 
iruJ/cm2 would be swept across the surface at a scan rate 
of 4 to 10 mm/ sec, along with a flow of oxygen across the 
surface of greater than 10 cm/ sec, directed opposite the 
direction of substrate motion. 
15 It is desirable in some cases to remove the 

polyimide, and other organic or inorganic device layers 
(for example, the Indium Tin Oxide layer, or a 
planarization layer) only in selected areas of the 
substrate. Selective removal has been demonstrated using 
20 the process parameters listed in the previous paragraph, 
with a metal stencil mask overlaying the substrate so 
that the polyimide is only removed in areas where 
openings in the mask allow the laser beam to pass 
through. Features as small as 12 0 microns in size were 
25 formed in this way, with an edge definition of 
approximately 5 microns* 

In cases where selective removal may be desired, 
but a stencil mask is impractical (because the pattern 
contains isolated opaque areas, or because the substrates 
30 are being moved sequentially under the beam on a 

conveyor) , other methods can be used to obtain selective 
removal. For example, one or more shadow masks can be 
placed in the beam path, each of which contains a one- 
dimensional pattern to be scanned over a portion of the 
35 substrate. Each shadow mask can be moved in and out of 
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the beam path as needed, in coordination with the 
position of the substrate. This method is advantageous 
in that it does not require placing a stencil mask in 
close contact with the substrate. 
5 Thin Film Heads 

In cleaning the surfaces of thin film heads (e.g., 
as used in computer hard drives) , it is particularly 
important to effectively clean such surfaces without 
damage. 

10 Typically, several microns of photoresist that has 

been hardened by ion milling used in the fabrication of 
thin film heads must be removed. In one current cleaning 
scheme, thin film heads are cleaned manually by hand 
swabbing solvents (using a cotton swab) over the surfaces 

15 of the heads. This technique results in a substantial 
yield loss because the manual force applied during 
cleaning tends to damage the transducers on the surfaces 
of the heads. In a second cleaning scheme, the thin film 
heads are mechanically polished. However, polishing 

20 tends to leave behind organic residues on the surface and 
tends to cause defects in the surface of the head. Both 
of these techniques are relatively ineffective and may 
result in an overall yield loss that exceeds 40%. In 
addition, because these techniques are relatively time- 

25 consuming, throughput tends to be low. 

Good results have been obtained on thin film head 
substrates, where approximately 20 microns of photoresist 
was removed from an aluminum oxide substrate with regions 
of permalloy (80% Ni and 20% Fe) . The photoresist had 

30 been used for pattern transfer to the permalloy by ion 
milling. A beam at 248nm wavelength, with an energy 
density of 1000 mJ/cm 2 and a scan speed of 4 mm/ sec was 
able to clear this photoresist layer in 5 passes. During 
the laser scanning, a flow of oxygen was directed across 

35 the surface at a velocity greater than 10 cm/sec. 
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in thin film head fabrication, a thick layer of 
photoresist must be removed without damaging the 
underlying patterned layer. Since the patterned layer is 
only subjected to the beam after the photoresist has been 
5 cleared in some areas, a two-step cleaning process would 
be the most efficient. In the first step, a high energy 
beam is used to remove most (e.g., 80%), but not all, of 
the photoresist layer. In the second step, the remaining 
photoresist layer is removed using a reduced beam energy 
io that would not damage the underlying patterned layer. 
ppllieles and Thi n Films 

inducer gases, acting to control the rate of a 
surface cleaning process, play an important role in 
cleaning delicate surfaces or membranes that have low 
15 damage thresholds. For example, a pellicle, which 

includes a thin polymer membrane that is transparent to 
the light used to expose substrates in photolithography, 
stretched above a mask or reticle in a wafer stepper to 
keep dust and other debris from falling on the optical 
20 equipment and causing a defect to be produced in 
photoresist film, is very difficult to clean by 
conventional techniques because the tight thickness and 
uniformity tolerances required preclude any damage to the 
surface of the pellicle. A high speed, low energy 
25 photoreactive surface clean that may be suitable to clean 
a pellicle surface without damage would comprise, laser 
pulses with a wavelength of 248 nm and an energy density 
of about 250 mJ/cm 2 , and a stage translation rate of 
about 8 mm/ sec. An inducer gas of nitrogen, helium or 
30 argon would be added to a reactant gas species of oxygen 
to suppress the formation of excited oxygen species and 
thus slow down the oxidation process and minimize the 
damage to the pellicle surface. 

Other thin films, e.g., magnetic tape 599, can be 
35 cleaned in a similar manner. Referring to Fig. 18, an 
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optical head 600 is mounted onto existing manufacturing 
lines where web processing is employed. An optical fiber 
602 delivers laser radiation 604 to the surface of 
magnetic tape 606. An input gas 607 (e.g., oxygen) is 

5 injected into the optical head, while nitrogen gas 608 is 
used to retain the input gas within the volume of the 
optical head. The magnetic film moves under the area of 
laser radiation, without having to be contained within a 
gas-tight mechanical enclosure. 

0 Medical Instruments 

Photoreactive surface cleaning has an important 
application in the surface treatment of medical 
instruments prior to their use in surgery. The use of UV 
light and reactive species contained in a gas or liquid 

5 medium may be used to remove bacteria and other 

contaminants that could cause problems in a medical 
environment from instruments too delicate or otherwise 
incompatible with conventional autoclave systems. For 
example, small plastic optical fibers used for non- 

o invasive surgery are easily damaged by the high energy or 
high temperature cleaning procedures used in hospitals 
today (e.g., plasma and high temperature chemical 
treatment) . A suitable photoreactive surface cleaning 
would comprise laser energy at a wavelength of 248 nm and 

5 an energy density of 250 mJ/cm 2 , a substrate translation 
rate of 10 mm/sec, oxygen gas, and an inducer gas (e.g., 

NH 3 , H 2f N 2 0 and C x F y ) . 

Alternative Embodiments 
Other embodiments are within the scope of the 

o claims. 

In an alternative embodiment, the photoreactive 
cleaning assembly is constructed and arranged so that the 
substrate is positioned with the surface to be cleaned 
facing downward or vertically so that the cloud of 
t5 ablated foreign material and any particles that may have 
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been created move under the action of gravity away from 
the cleaned substrate surface. It is expected that this 
arrangement would substantially reduce problems 
associated with redeposit. 
5 In another embodiment the surface to be cleaned 

can be a long continuous surface. For example, something 
pulled through the cleaning chamber in the shape of a 
film, wire, strip or tape which may or may not be cut 
into individual pieces after cleaning, or a series of 
10 tile like pieces which are either pushed through the 

process chamber or transported through it on a conveyor 
like apparatus. The cleaning process lends itself well 
to this approach if the laser beam is kept in a fixed 
position and there is some type of seal surrounding the 
15 chamber entry and exit points so that the media carrying 
the reactive species cannot spill out of the chamber and 
so that air is not sucked into the chamber. 

In another embodiment, shown in Fig. 19, the 
reaction chamber is equipped with a liquid nozzle 700 
20 attached to a pump 705 for applying liquid reactants 702 
to foreign material 704 on the surface of a substrate 
706. In this way, wet chemistry can be used to enhance 
the cleaning result achieved by laser pulses 708. The 
liquid reactants may react directly with foreign material 
25 704 or may react with the ablation components in cloud 

712. Wet chemistry alone may be applied to the substrate 
to effect cleaning in a manner that allows for the 
efficient utilization of liquid cleaning agents. The 
liquid can be controllably heated by a heating element 
30 714 so that heated liquid or heated vapor can also be 

applied to the substrate surface. For example, a jet or 
flow of liquid will permit a very thin liquid layer 716 
to be controllably maintained on the surface during laser 
scanning. This is beneficial in the case of a liquid 
35 reactant species such as hydrogen peroxide, in which the 
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chemical activity is stimulated by the laser light. The 
greatest possible concentration of excited species in the 
region where the beam hits the surface can be produced by 
using a thin liquid layer. 
■ * 5 Conclusion 

A variety of techniques associated with surface 
cleaning have been discussed. The selection of which 
techniques to combine for a given cleaning application, 
and the parameters to use for each of the techniques 
10 depends on the surface, the contaminants, the processing 
environment, and a variety of other factors and can be 
determined empirically. 
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What is claimed is! . 

1. A method of processing foreign material on a 

surface of a substrate to form a reaction product, 
comprising 

providing a directed flow of a fluid, including a 
5 reactant, in the vicinity of the foreign material, and 

delivering a beam of radiation to aid the reactant 
to react with the foreign material to form the reaction 
product • 

2. The method of claim 1 wherein the reactant 
10 comprises a gas. 

3. The method of claim 2 wherein the gas flows at 
a velocity preferably between 50 mm/ sec and 20,000 
mm/sec, more preferably between 100 mm/sec and 10,000 
mm/sec, and most preferably between 200 mm/sec and 5,000 

15 mm/sec. 

4. The method of claim 2 wherein the gas includes 
one or more members of the group of oxidants consisting 
of oxygen, chlorine, fluorine, and molecules containing 
oxygen, chlorine or fluorine. 

20 5. The method of claim 1 wherein the foreign 

material comprises organic material, the reactant 
includes an oxidant such as oxygen, chlorine , fluorine, 
or molecules containing oxygen, chlorine or fluorine, and 
the beam comprises ultraviolet radiation. 

25 6. The method of claim 1 wherein the foreign 

material comprises a metal oxide, the reactant includes 
chlorine, fluorine or a fluorine or chlorine containing 
molecule, and the beam comprises ultraviolet radiation. 
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7. The method of claim 1 wherein the foreign 
material comprises silicon or silicon dioxide, the 
reactant includes fluorine or a fluorine containing 
molecule such as a fluorocarbon, and the beam comprises 

5 ultraviolet radiation. 

8. The method of claim 1 wherein the foreign 
material comprises bacteria, the reactant includes an 
oxidant, and the beam comprises ultraviolet radiation. 

9. The method of claim 1 wherein the fluid 

10 includes an inducer gas in the vicinity of the reactant 
to assist the reactant to react with the foreign 
material • 

10. The method of claim 9 wherein the inducer gas 
comprises a member of the group consisting of NH 3 , H 2 , 

15 N 2 0, and f luorocarbons. 

11. The method of claim 1 wherein the fluid 
includes a diluent gas to reduce the viscosity of the 
reactant* 

12. The method of claim 11 wherein the diluent 
20 gas comprises helium. 

13. The method of claim 11 wherein the fluid 
includes a diluent gas to reduce the ultraviolet 
absorption coefficient of the reactant. 

14. The method of claim 13 wherein the diluent 
25 gas comprises a member of the group consisting of 

nitrogen, helium and argon. 
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15. The method of claim 1 wherein the fluid 
comprises a liquid. 



16* The method of claim 15 wherein the liquid 



flows at a velocity preferably between 0.2 mm/sec and 
5 2,000 mm/sec, more preferably between 0.5 mm/sec and 
1,000 mm/sec, and most preferably between 1 mm/ sec and 
500 mm/sec. 

17. The method of claim 15 where the depth of the 
substrate surface below the surface of the liquid is less 

10 than 50 mm, and preferably less than 2 0 mm. 

18. The method of claim 1 further comprising 
selecting the reactant to match reaction 

characteristics of the foreign material. 

19. The method of claim 1 further comprising 

15 causing relative motion of the substrate and the flow of 
the fluid. 

20. The method of claim 1 wherein the fluid flows 
in a direction that is at an angle of less than 90 
degrees to the surface. 

20 21. The method of claim 1 wherein the angle is 

between 0 and 3 0 degrees, more preferably between 0 and 
20 degrees, most preferably between 0 and 15 degrees. 



22. The method of claim 1 wherein the fluid is 
directed to a region above the surface. 



25 



23. 



The method of claim 1 wherein the flow 



comprises a turbulent flow. 
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24. The method of claim 1 further comprising 
sucking the reaction product and the fluid away from the 
surface. 

25. The method of claim 1 wherein the fluid is 
5 delivered through a nozzle having an opening in the 

vicinity of the foreign material. 

26. The method of claim 1 further comprising 
providing a directed flow of a sequence of fluids. 

27. The method of claim 1 wherein the sequence 
10 comprises a fluid including a gaseous reactant preceded 

or followed by a fluid including a liquid reactant. 

28. The method of claim 1 wherein the sequence 
comprises more than one gaseous reactant preceded or 
followed by one or more liquid reactants. 

.15:,, 29. The method of claim 1 further comprising 

elevating the temperature of the reactant prior to its 
being provided in the directed flow. 

30. The method of claim 1 further comprising 
elevating the temperature of the foreign material. 

2 o 31. The method of claim 1 further comprising 

elevating the temperature of the substrate. 

32. The method of claim 1 further comprising 
elevating or reducing the atmospheric pressure in the 
vicinity of the foreign material above or below the 
25 ambient. 
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33. The method of claim 1 wherein the fluid 
further comprises a non-reactive carrier medium. 

34. The method of claim 1 wherein the step of 
providing a directed flow of a fluid comprises delivering 

5 a gas to a location in the vicinity of the foreign 
material and forming the reactant from the gas in the 
vicinity of the foreign material. 

35. The method of claim 1 wherein the reaction 
product consists only of gaseous material. 

36. A method of processing foreign material on a 
surface of a substrate to form a reaction product, 
comprising 

providing a fluid, including a reactant, in the 
vicinity of the foreign material , and 

delivering a beam of radiation at an angle of less 
than 90 degrees to the surface to aid the reactant to 
react with the foreign material to form the reaction 
product. 

37. The method of claim 36 wherein the beam is 
20 delivered to the surface at an energy level insufficient 

to damage the surface. 

38. The method of claim 36 wherein the delivering 
step comprises receiving a source laser beam and focusing 
the cross-sectional size of the beam in one dimension and 

25 broadening the cross-sectional size in another dimension. 

39. The method of claim 38 wherein the size along 
one of the dimensions is at least as great as the width 
of the substrate and the size along the other dimension 
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is chosen to provide an energy density insufficient to 
damage the surface. 

40. The method of claim 3 6 wherein the beam of 
energy causes ablation of the foreign material from an 

5 ablation surface which is normal to the beam and not 
parallel to the surface of the substrate. 

41. The method of claim 3 6 further comprising 
causing relative motion between the surface and 

the beam to cause the beam to sweep the surface. 

10 42. The method of claim 41 further comprising 

causing relative motion between the surface and 
the beam to cause the beam to sweep the surface along one 
direction, and 

subsequently causing relative motion between the 
15 surface and the beam to cause the beam to sweep the 
surface along a second direction. 

43. The method of claim 36 further comprising 
controlling the energy characteristics of the beam to 
match absorption characteristics of the foreign material. 

20 44. The method of claim 36 wherein the angle is 

between 0 and 30 degrees, more preferably between 10 and 
2 0 degrees, and most preferably between 12 and 15 
degrees. 

45. The method of claim 36 further comprising 
25 collecting beam radiation reflected from the surface and 
reflecting it back to aid the reactant to react with the 
foreign material. 
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46- The method of claim 3 6 wherein the beam 
comprises ultra-violet radiation in the wavelength range 
4 nm to 380 nm. 

47. The method of claim 36 wherein the beam 
5 comprises a laser beam. 

48. The method of claim 36 wherein the beam has a 
long, narrow cross-section. 

49. The method of claim 36 wherein the beam 
cross-section is at least as long as the surface is wide. 



50. A method of processing foreign material on a 
surface of a substrate to form a reaction product, 
comprising 

providing a fluid, including a reactant, in the 
vicinity of the foreign material, 

forming a beam of radiation with a pre-defined 
non-uniform cross-sectional intensity profile, and 

delivering the beam to the surface to aid the 
reactant to react with the foreign material to form the 
reaction product. 



51. The method of claim 50 wherein the profile 
includes one or more higher intensity regions with 
surrounding lower intensity regions. 



52. The method of claim 51 wherein the 
surrounding lower intensity regions of the profile are 
25 formed by a UV f loodlamp that produces relatively high 
energy density light at wavelengths below 2 00 nm. 



53. The method of claim 50 wherein forming a beam 
comprises splitting a first beam having an energy density 
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into at least two spaced-apart beams having respective 
energy densities lower than the energy density of the 
first beam. 

54 . The method of claim 50 wherein the profile is 
5 formed by superimposing light beams of different 

wavelength, each having a preselected intensity profile. 

55. The method of claim 51 wherein the step of 
forming the beam comprises multiplying the frequency of a 
single laser source. 

10 56. The method of claim 50 wherein the step of 

forming the beam comprises superimposing focused and 
unfocused versions of a source beam. 

57. A method of processing foreign material on a 
surface of a substrate to form a reaction product, 

15 comprising 

providing a fluid, including a reactant, in the 
vicinity of the foreign material, 

delivering a beam of radiation to aid the reactant 
to react with the foreign material to form the reaction 
20 product, and 

scanning the beam across the surface in more than 
one scan with less than all of the processing being done 
in any one scan. 

58. The method of claim 57 wherein the total scan 
25 time for all scans is less than the time which would 

otherwise be required to perform the same processing in a 
single scan. 
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59. A method of processing foreign material on a 
surface of a substrate to form a reaction product , 
comprising 

providing a fluid , including a reactant, in the 
5 vicinity of the foreign material , and 

delivering an array of distinct beams of radiation 
to aid the reactant to react with the foreign material to 
form the reaction product simultaneously at an array of 
locations on the surface. 

10 60. The method of claim 59 further comprising 

scanning the array across the surface. 

61. The method of claim 60 wherein the array of 
distinct beams is configured to permit complete coverage 
of the surface by scanning a distance less than the full 

15 extent of the surface. 

62. A method of processing foreign material on a 
surface of a substrate to form a reaction product , 
comprising 

providing a fluid , including a reactant, in the 
20 vicinity of the foreign material, 

delivering a beam of radiation to aid the reactant 
to react with the foreign material to form the reaction 
product , and 

delivering acoustic energy to aid the reactant to 
25 react with the foreign material to form the reaction 
product. 

63. The method of claim 62 wherein the acoustic 
energy is pulsed. 
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64. The method of claim 62 wherein the acoustic 
energy serves to remove particles of foreign material 
from the surface. 

65. A method of processing foreign material on a 
5 surface of a substrate to form a reaction product, 

comprising 

providing a fluid, including a reactant, in the 
vicinity of the foreign material, 

delivering a beam of radiation to aid the reactant 
10 to react with the foreign material to form the reaction 
product , and 

providing a plasma discharge to aid the reactant 
to react with the foreign material to form the reaction 
product . 

15 66. A method of processing foreign material on a 

surface of a substrate to form a reaction product, 
comprising 

providing a fluid, including a reactant, in the 
vicinity of the foreign material, 
20 delivering a beam of radiation to aid the reactant 

to react with the foreign material to form the reaction 
product , and 

elevating the temperature of the surface prior to 
delivering the beam. 

25 67. A method of processing foreign material on a 

surface of a substrate to form a reaction product, 
comprising 

providing a fluid, including a reactant, in the 
vicinity of the foreign material, 
30 delivering a beam of radiation to aid the reactant 

to react with the foreign material to form the reaction 
product, and 



5DOCID: <WO 9507152A1_L> 



WO 95/07152 




PCT/US94/09996 , 



- 66 - 

providing a catalyst in the vicinity of the 
surface. 

68. A method of processing foreign material on a 
surface of a substrate to form a reaction product, 

5 comprising 

providing a sequence of reactants including a 
gaseous reactant and a liquid reactant in the vicinity of 
the foreign material, and 

delivering a beam of radiation to aid at least one 
10 of the reactants to react with the foreign material to 
form the reaction product. 

69. The method of claim 68 wherein a gaseous 
reactant is delivered prior to a liquid reactant. 

70. A method of processing foreign material on a 
15 surface of a substrate to form a reaction product, 

comprising 

providing a directed flow of a fluid in the 
vicinity of the foreign material, 

arranging the composition of the fluid and the 
20 configuration of the flow so that components of the fluid 
form reactants in the vicinity of the foreign material, 
and 

delivering a beam of radiation to aid the 
reactants so formed, to react with the foreign material 
25 to form the reaction product. 

71. A method of processing foreign material on a 
surface of a substrate to form a reaction product, 
comprising 

providing a directed flow of a reactant in the 
30 vicinity of the foreign material, and 
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delivering a beam of radiation at an angle of less 
than 90 degrees to the surface to aid the reactant to 
react with the foreign material to form the reaction 
product . 

5 72. A method of processing foreign material on a 

surface of a substrate to form a fluid product, 
comprising 

providing a directed flow of a fluid, including a 
reactant, in the vicinity of the foreign material, 
10 forming a beam of radiation with a pre-defined 

non-uniform cross-sectional intensity profile, and 

delivering the beam to the surface to aid the 
reactant to react with the foreign material to form the 
reaction product. 

15 73. A method of processing foreign material on a 

surface of a substrate to form a reaction product, 

comprising 

selecting a reactant to match reaction 

characteristics of the foreign material, 
20 providing a flowing stream of the reactant at a 

reaction zone which is at the location of the foreign 

material on the surface, and 

delivering a beam of radiation at the reaction 

zone to aid the reactant to react with the foreign 
25 material to form the reaction product, the beam having 

energy characteristics to match absorption 

characteristics of the foreign material, the radiation 

being delivered to the reaction zone at an energy level 

insufficient to damage the surface, and 
30 removing the reaction product from the reaction 

zone. 
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74. A method of cleaning the surface of a 
semiconductor wafer to remove ion-implanted patterned 
photoresist comprising 

scanning a laser beam across the surface, and 
5 blowing a reactant gas in the direction of a 

reaction zone in the vicinity of the intersection of the 
beam with the surface. 

75. The method of claim 74 wherein scanning is 
performed until a top portion of the ion-implanted 

10 photoresist is removed and further comprising the steps 
of 

wetting the ion-implanted photoresist with a 
liquid comprising a liquid reactant, and 

applying laser energy to the ion-implanted 
15 photoresist through the liquid. 

76. The method of claim 75 wherein wetting 
comprises immersing the ion-implanted photoresist in a 
bath containing the liquid. 

77. The method of claim 75 wherein wetting 
20 comprises flowing a liquid over the ion-implanted 

photoresist. 

78. The method of claim 74 wherein the angle of 
the incidence of the laser beam is less than 3 0 degrees 
with respect to the surface. 

25 79. A method of removing ink dots placed on 

semiconductor wafers during a test procedure, comprising 
scanning a laser beam across the surface, and 
blowing a reactant gas in the direction of a 
reaction zone in the vicinity of the intersection of the 
30 beam with the surface. 
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80. A method of cleaning the surface of a thin- 
film magnetic disk read-write head substrate to remove 
patterned photoresist, comprising 

scanning a laser beam across the surface, 
5 blowing a reactant gas in the direction of a 

reaction zone in the vicinity of the intersection of the 
beam with the surface. 

81. A method of cleaning a flat panel display 
substrate to remove a film of an organic material from 
selected areas, comprising 

scanning a laser beam across the surface , 
shielding the substrate from the laser beam in 
areas where the organic material is not to be removed, 
and 

blowing a reactant gas in the direction of a 
reaction zone in the vicinity of the intersection of the 
beam with the surface. 

82. The method of claim 81 wherein the film 
comprises polyimide . 

20 83. A method of cleaning disks used in the 

manufacture of compact disks to remove organic and/ or 
metal films, comprising 

scanning a laser beam across the surface, and 
blowing a reactant gas in the direction of a 
25 reaction zone in the vicinity of the intersection of the 
beam with the surface. 

84. The method of claim 1 wherein the surface of 
the substrate is held in a non-horizontal orientation 
during processing. 
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-TO- 
SS. The method of claim 84 wherein the 
orientation is upside down. 

86. The method of claim 84 wherein the 
orientation is vertical. 

87. The method of claim 1 wherein the substrate 
is elongated and continuous and the processing is 
performed continuously along the length of the substrate. 

88. A method of cleaning the surface of a 
semiconductor wafer to removed patterned photoresist 
comprising 



direction of a reaction zone in the vicinity of the 
intersection of the beam with the surface. 



scanning the laser beam across the surface, and 
blowing a reactant gas at high velocity in the 
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